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. An Interdisciplinary Approach to High Temperature Chemistry
M. P. Freeman

Central Reseéu‘ch_ Division, American Cya.namid Ce., Stamford, Connecticut

In the field of high temperature chemistry, and especially as it pertains to the
effluent of plasma jet devices, there has always been substantial uncertainty about
the nature of the chemistry that one should expect when the initial high temperature
stream is cooled to more conventional temperatures, often in the presence of an admixed
cold reagent or spectator gas. As a first example, we may cite the cracking of methane
in a plasma jet to make acetylene. For this reaction, as is generally the case, one
must postulate some sort of "freezing temperature" because, of course, acetylene is
unstable with respect to decomposition to the elements at room tempera.ture2 - Now,
three groups of workers have carefully regarded this reaction.” One group~ has es-
tablished that chemical equilibrium at their mixed meen temperature determines the
yield, (Theg say nothing about what happens at the intervening temperatures. ) A
second group” concluded that not equilibrium, but rather reaction kinetiecs controls -
the extent of reaction until the mixture becomes so cold the reaction "freezes;"
while the third group  showed that the reaction was very fast and that the kinetics
of mixing controlled the reaction rate. Again a "freezing" temperature was invoked.
Reed” has opined that each group was correct but that the conflicting results stemmed
from the different reaction conditions and geometries involved.

To cite further examples, consider the well-known fixation of up to 3 or 4% of
the nitrogen when a nitrogen-oxygen mixture is passed through a gtreaming plasma
device and the stream rapidly quenched. When Ammann and Timmins® withdrew product
from a stationary cascade arc through a finé water-cooled probe they cbtained an
unheard of 12% yield. This must almost certainly be .associated with the high cooling

"rate attributed to such probes. Again, consider the rather substantial body of in-

formation that has been accumulated for the reaction of gethane with a nitrogen

plasma to make HCN Aoa Attempts to interpret these datal> ‘have resulted in two
plausible but contradictory mechanisms eagh of which accounts for the observed re-
sults very well indeed. On the orie hand,’ the yield is exactly what one might .

expect if each N+ ion in the jet results ultmately in two molecules of HCN. To
explain how this can happen, one must disregard considerations of chemical equilibrium -
and say that somehow the high temperature molecular and ionic fragments 'fall together
in the proper way in the very ra.plg quenching that results from the mixing process.

The equally attractive alternative® is that the methane mixes in a quite ordinary

way with the nitrogen jet and that the mixture is always in local thermodynamic
equilibrium. At some point one has to postulate a "freezing temperature" below which
all of the HCN precursors (assumed to be cyano, CN) proceed as before along some in-
evitable reaction path to the final product. The rather sophisticated computer program
has never been made available for critical a.ppra.isa.l, but assuming it to be a straight-
forward result, one must ask whether it shouldn't be possible to differentiate between
such dlametr:.cally opposed concepts by a consideration of the relevant time sca.les.
Indeed one might suppose this would be standard opera.tmg procedure.

In the face of such evident need, it is 1nterestmg to ask why so little has
been accomplished along these lines. Or to rephrase the question, what factors con-
spire to place such an anslysis outside the accepted purvue of "chemistry" or "chemical
engineering?" The first factor that comes to mind is the real paucity of information
about any of the characteristics, but especially the characteristic times of such .
strongly cooled fluid flow. Is it reasonable to even think about meaningful quenching
rates? Another factor is that the whole concept of "freezing" a reaction has always
been a bit nebulous to the chemist. Although the transition fram frozen flow
to equilibrium flow is of vital importance, the chemist has always been pragmatically
interested in forcing the situation one way or the other and has had little interest
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in systematic study of the compromise situation. Similarly experimental purists and ~ -
theoretical chemists have generally tried to avoid non-isothermal situations in view
of their general analytical intractibility. It is in fact only with the advent of
streaming thermal plasma devices (and of reentry) that velocities and residence times
have achieved such extreme values that one might expect elementary reaction steps to
be spatially resolved and temperature changes to be so abrupt that atomic, ionic, and
free radical reactions may not proceed along their- anticipated course {(c.f. the inex-
plicable inactivity of I atoms in HCN synthesis).

The purpose of the present work is to attempt to formulate a framework for examin-
ing these questions and to try the formulation out on a nitrogen plasma configuration.
In the next part we formulate an expression for a critical quenching rate vs tempera-
ture. In the following section we examine the cooling sequences of a few plasma jet
devices under various conditions and establish that “frozen flow" is probably the
rule for both ionic and atomic recombination. Finally, we speculate a little on
where one might expect this to lead, introducing the concept of characteristic re-
action times so as to facilitate choosing between alternatives in the frozen flow
regime. -

Threshhold Frozen Flow

The problem starts with a fully equilibrated high temperature flow system. The
concentration of some species, thought to be chemically relevant, emerges from, say,
a free energy ninimization program” or, in some cases, a simple equ.lllbrlum calculation.
In either case, we represent the concentra.tlon of the mterestmg spec1es (1n moles cm

by (r):

=3y

(r) = £(8,, My, ©oo3 P, 1), (1)
2
where P and T have their usual significance and K,, N ,...represent the component molar -
‘composition of the mixture (as opposed to the speCies composition). If we now cause
the temperature of this mixture to decrease we may formally write for the time rate
change of (T): :

d(r)/dt = 3(r)/ar ar/at = af/a:T-amT/at, _ (@

where t represents time. The equil’brium value at temperature T of the concentration
of the species of interest, (I'), is the result of a balance between a set of rapid
forward and reverse reactions: :

d(r)/dtl = 3 {04 (3;) +xrg (Ag) (Ei)(zi)} - (3)

equil

At equilibrium at constant tempera.tdre both sides of Equation 3 are equal to zero by
definition of the equilibrium process. As long as the temperature.change is suffi-
ciently slow that

d(r)/dtl «<(r) 7 (a8 (8,) ~T e (0 (E)E) 5 ()

equil
where the left-hand side of Equation 4 is determined from Equation 2, we say that we =~/
have equilibriwm flow. If on the other hand, the absolute value of the left-hand side,
celculated again from Equation 2, is much larger than that of either of the right-hand
terms in Equation ’4 then k:metlc cons:.dera.tlons preclude maintaining any semblance

of an_equilibrium composrtlon and we say we have frozen flow. In a-classic work,

Br performed suitable calculations for air expanded through a hypersonic nozzle

and showed that this crosq over from fully equilibrated to fully frozen flow is very
abrupt. The results of' his deta.lled calculation indicate in fact that the transition
may be considered discontinuous,.and he suggested modeling it in this way. He went
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on to arzue (though indirectly) thet any criterion guaranteed to lie well within
this transition region could therefore be used to establish the freezing condition.
In his case the condition.would ve a particular exparnsion ratio, sa.y; in the present
somewhat more general argument the condition will be the result oi any or several

of many different temperature changing mechanisms, adiabatic expansion, reaction
heat, thermal conduction, addition of a cold 5a.s or liquid spraJ diluent, etc. The
criterion suggested by Bray is:

W eaur =) T £, )0 Ffry CRICRLS )} wR(),  (5)

at equ11 A

where URR(T) repre_sents the total unldu'ectlonal.rea.ctlon rate.. Combining Equations
2 and 5 we obtain for the cooling rate required for frozen flow:

wRE . ®

freezing
ez f(rA,u,z,...,P T)}

3T/3t

Rumerical Example. To ‘implement Equa.tlon 6, we J.ntroduce now the nitrogen
system. Curves of the equilibrium particle densities for nitrogen at 1 atm are
shown in Figure 1. It is immediately clear by.inspection that one need consider
but one equilibrium at a time,for at no temperature available to chemists are more
than two species present in chemlcally significant amounts; however, for the moment
we use I-‘lgure 1 itself.  HKearly eve_{ reaction rate of interest for this system may
be found in a cogpendlum by Bortner. We consider first the principle reactions
destroying the H species. I ' ’ S

20-1 -l‘ (7 )

H ¥e+e—aH+e K =5.3x10

K te tX—aN+X k5=12x1012‘2' | ()
¥ N, — H;' + 1 K =2 x 101922 =2 foxp -13000/’1‘? (9)
N 4N = +hy k= 1lx 16573 _ ' (10)
nt + e —>u th, C k= L3 x 1011“"l -3/ (11)

Reaction 11, radiative recombination, dominates at temperatures of 10,000 K and above,

while reaction 9, charge exchange, dominates at lower temperatures. FPerfectly
straightforward numerical application of these rate expressions together with equilib-
rium values of species concentrations .and their derivatives obtained from Figure 1,
yields a curve.demarcating the cooling rate regime in Figure 2 within which we expect
equllllc))ra.ted ion flow (right-hand shaded region). The calculation was stopped at
12,500 K on the one hand bec%use this corresponds to a good jet cénter temperature,
while it was stopped at 9500°K on the left because below this temperature the number
of ions is uninteresting. Similarly the left-hand shaded region shows the cooling
rate regime in vwhich we expect equilibration between atoms a.nd molecules , This
regime is calculated from the following (again from Gortner '—)

gty

Ko+ 5+ H, —H, +1 k=2 x 100 (12)
N4HM+N—dN, +F k. =7x '1018"5 (13)
4+ +X—h, +X k= 1x]0181 (1k)

O, . . L. . . O, ..
Avove 80007K, molecular nitrogen has disappeared completely,vhile below %000 ¥ there
is no atom population of consequence, .
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Figure 1: Particle densities of nitrogen at 1 atm
total pressure as a function of temperature.
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Characteristic Reaction Time. It is instructive at this point to examine charac~
teristic times for these reaction rates so as to gain more appreciation for the speed
at which significant chemical events occur .from a more conventional viewpoint. Con-
sidering now just the rate expressions, at any temperature the reciprocal of
1/N aN/at = dAn(N)/dt will give the time required (by extrapolation of a tangent to
the curve) for the con_centra.tign of the species of interest to decrease to 1/e of its
value, At 12,500°K and 10,000°K the characteristic times are 64.and 320 ,sec, yes-
pectively. Similarly defined atom/molecule relaxation times at 8000°K and 5000 K are
413 ;sec and 13.% msec, rﬁspectively. To place these numbers in perspective, it has
préviously been estimated* that under typical laboratory conditions for a tube confined
flow at & atm, a peripherally added reagent has a characteristic mixing time of about
60 ysec which requires about 1 cm of jet travel, - .

Characteristic Quenching Rates

As of .the present time, the actual quenching rates achieved in various high tem-
perature flow configurations are not at all well known; however,-it.- is necessary to
make some estimate of these rates for comparison with the critical freezing rate of the
preceding section. We will, therefore, do the "best we can" for two very important
situations, turbulent entraimment of a cold stagnant gas on the one hand and simple
cold-walled tube confined flow on the other. There are, of course, other familiar
quenching situations: cold liquid quenching, cold doorknob inpingement, peripherally
pumped coolant added to a tube -confined jet, and many others which have not yet yielded ,
to analysis, but which almost certainly lie betireen the two extreme methods analyzed here.

Thanks to the experimental work of Grey and his co-workers'B’lh’15 we have ex-
_perimental results for the very important situation where a 3/4" diam argon jet
(350scfh) is allowed to turbulently entrain a surrounding essentially stagnant cold
helium sheath. This should provide a lower bound to the quenching rate for practical
- purposes; certainly nitrogen entraining methane would have at least a comparable
cooling rate. A curve derived from their data is shown in Figure 2 and clearly
demonstrates the chdracteristic high cooling rate that is nearly independent of
temperature. TFrozen flow must clearly be expected for this quenching method. The
second flow situation that has been experimentally’characterized is for cold-wall
contained plasma flows. In Figure 3 "tube average' curves are presented for various
initial conditions.” The curves come from the relation

n(T) 2
Z t

&= jﬂ%——h ‘ (15)

oT

where h(T) = H(T) - H(298) and is related to the axial coordinate z by the rela.t:i.on16

nr) [ s V3 A
(1) \Z+ ¢ (26) .
In this expression s is a characteristic flow development length and is experi-

mentally on the order of 10 diameters (to within a factor of 2). Using the con-
tinuity equation for the velocity term we obtain;:

' 3/2
o 2 &h@ma,)
3t - 3 1in
o(T)

(a7)
AT

For the curves shown, G/A is taken as 0.07 moles cm 2 sec-l, s as 5 cm and p(T) and
h(T) are taken from the extensive tables for nitrogen published by Hilsenrath and
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and ¥lein.: 1T The values of T, shown, much lower than actual entrant centerline tem-
peratures, were chosen to corresEgnd to easily attainable net entrant power levels
for gas flows of .017 g mole sec —, Note that a.ll else equal, a quenching rate a
factor of 10 higher would be obtained with a .020" quenching probe.

On the same figure equilibrium flow regimes are shown for the nltrogen auom/
molecule reaction at 0.1 atm and 1 atm, respectively. To the extent the "tube
average" curves may be believed, we can draw the conclusions that equilibrium flow
is possible in a tube, It is favored by

. larger diameters (quenching rate is inversely proportional)
. higher pressures ' '

.-higher power levels.

One may equally well infer that frozen flow is also possible in tubes. In particular,
a .020" diam tube might very well be used to "freeze" a flow with very nearly the same
efficiency as turbulent entrainment.

The "tube average" curves may drastically understate the quenching in a tube, of
‘course. rlgure L illustrdtes, in a very exaggerated way, that while the ‘tube
average" model takes a flow fram 7000 to sub-thousand temperatures 1_3 a few milli-
seconds, in actual fact nearly one-fourth the total flow is-at 12,000°K and goes to
sub-thousand temperatures in (probably) comparable times, Calculations are currently
in progress to see if any great discrepancy is encountered; however, Figure 3 agrees
s0 well with the.writer's experlence that 1t seems unllkely that any surprises will
arise.in this area,

Discussion

Frozen flow is generally necéssary at some point for the recovery of useful
products. It is clear from the trends displayed in the preceding sections that
freezing is generally inevitable and in fact generally to be expected at fairly high
temperatures in laboratory scale units (but not. necessarily at such high temperatures
for the larger production units, such as the Westinghouse unit described at this
meeting). Once the fact of frozen flow has been established, one may examine rela-
tive characteristic reaction times (such as defined above) to test the feasibility
of proposed reaction mechanisms (or alternatively by rearrangement of Equation 6 to
establish a limiting value on reaction rates when the information is unavailable).
Just by way of 111ustrat10n , consider one 1nterpreta.t10n of the HCN experiments cited
above that involves an &, intermediate (a specie not favored by equilibrium). It is
now clear that under the reaction conditions the composition of the flow freezes long
enough to intermix well with the carbon-containing species while still several per
cent ionized. That is, the quenching rate is 20 to 30° 1jsec ) -1 whlle the_character-
istic reaction time (see above) for the ra.d:.a.tlve recorbination of N* and e~ lengthens
from 64 ysec at 12, 500%K to 320 ysec at 10,000° K., Thus, ve arrive with most of our
ions intact at a tenperature where formation of i, by charge exchange (qua.tlon 11)
is the fastest available #" ion removing reaction (charascteristic time = 150 ysec).
However, Z’I?' has virtually no chance of participating directly in bulk chemistry
because of the extremely fast dissociative neutralization reaction

+ .
‘: te— i+ N k=5x 1. of-1 -2 (18)
which clearly has a characteristic time of about 10-lo seconds. Thus, if the ions
do participate in this reaction, it must be through carbon-containing moieties as
intermediates. 3y the same token, however, the altcrnative explanation, that ol fully
equilibrated flow, seems equally untenable in light of the present considerations.
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Conclusions

By taking a freezing criterion from aerodynamics and quenching and chemical
kinetic rate data from whatever sources available, it is clear that it is possible
to bring new light to bear, however poorly in focus, on the subject of high tem-
perature chemistry, particularly that of streaming thermal plasmas. Especially for
tube confined plasmas, the trends with changes in total pressure; tube diameter and
input power density are seen to be straight forward. Turbulent entrairment of a
stagnant cold gas is seen to be fast enough to freeze even the simplest rea.ctlons in
the nitrogen plasma system (excepting the dissociative neutralization of H ) while
fine probes are seen to be nearly as good. Finally, the concept of "charagteristic
reaction time" has been invoked to help examine illustratively the-plausibility of
a particular reaction mechanism in a frozen flow regime.
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DIAGNOSTIC TECHNIQUES FOR HIGH TEMPERATURE PLASMA REACTIONS*

J. H. Mullen, J. M. Madson, L. N. Medgyesi-Mitschang, T. C. Feng, P. M. Doane

MeDonnell Douglas Research Laboratories
McDonnell Douglas Corporation
St. Louis, Missouri 63166

Introduction

Numerous experimental techniques have been employed in the study of interactions
between charged and neutral constituents of a plasma. The particular technique
employed in any experiment has been determined by the phenomena under investigation.
In particular, beam and drift tube experiments as well as afterglow techniques
have been used to study phenomena such as ionization, electron recombination and
electron attachment in & temperature range near room temperature. Some recent
measurements on the electron attachment process have been made at elevated gas
temperatures where the reaction prpducts were analyzed with a mass spectrometerl:2:3.
"The usual limitation on the gas temperature in these experiments is the maximum
vorking temperature of the material used for the target gas heater. Electron
recombination, electron attachment and ion-molecule reaction processes in plasmas
have also been studied using a flowing afterglow techniquel"’s. _This technique
has an advantage over the stationary efterglow method for reaction rate studies in
that it permits the injection of target molecules linto a flowing plasma stream
without subjecting these molecules to the main discharge excitation mechanisms.
However, temperatures uwsed in flowing afterglow studies have usually been less
than 600%K. To study these processes at higher temperatures and in particular
temperatures encountered by reentry vehicles (2000 - LOQO9K), plasma discharges
having these high temperatures must be employed. For these stydies arc heated
plasma sources have been used with both subsonic channel flows® and supersonic
free jetsT>O. Interpretation of experimental results is difficult with both of
these techniques because of the inhomogeneity of plasma parameters in the reaction
region. The system described in this paper encompasses the desirable aspects of
the asbove mentioned approaches and enables quantitative reaction rate measurements
to be maded. :

Overall System Description

The experimental spparatus shown in Fig. 1 is composed of a plasma source,

 chemical reaction channel, expansion region and mass analysis cheamber. The gases,

heated 1n an electrodeless induction plasma discharge, react with supersonically
injected target molecules in a sonlc reaction chamnnel and are subsequently
"chemically frozen" by rapid expansion in a free molecular jet. The electron
density, excitation temperature, electron temperature, and gas temperature of the
plasma at the source is measured with an optical spectrometer, an X-band microwave
rediometer, and high temperature thermocouples. . In addition, excitation tempera-
tures are also measured in the reaction channel. Free electron number densities
and ion-molecule intensities in the free expansion region are measured simultare-
ously with a Ka~band microwave interferometer and a free jet ion-molecular beam
mass sampling system using a quadrupole mass spectrometer. The design, construc-
tion and particulars of the plasma system and instrumentation will be described
subsequently.

*This fesearch was conducted under McDonnell Douglas Independent Research and
Development Program ; ’
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Figure 1 Schematic Drawing of Experimental Apparatus
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Flasma Source T AT

An electrodeless induction plasma similar to those of Reeal® and Eckert, et a.lll
is used as the plasma source. A Q to 100 kW, class C, rf oscillator operating at
1 MHz is used to supply the plasma heating power. This plasma source eliminates
electrode contamination of the plasma. in the chemical reaction channel and permits
uniform heating of the plasma with electron temperatures close to the gas tempera-
ture in the central core region. A scale drawing of the discharge tube is shown in
Fig. 2. The 80 mm diemeter plasma discharge tube is made of 1 mm thick quartz,
approximately 160 mm long. The ends are made to Tit the O-ringed copper end pieces
by paddling standard dismeter quartz tubes on machined carbon mandrils mounted in
a glass blowing lathe. Allowance has to be made for the expansion of the carbon
during this step. The end plates (threaded for assembly to the water jacket) are
made of copper and are water cooled. The water jacket is machined from a 203 mm
O.D. - 101 mm I.D. cast Teflon tube and handles a 1.14 //sec flow rate.' Two
oppositely wound, eight turn coils of 3 mm O.D. copper tubing-surround ‘the plasma
discharge tube and are mounted collinerly inside the water jacket. A 1.5 mm clear-
ance between the discharge tube and the water jacket gives adequate coolant water
flow. To prevent rf sputtering between the coils and the copper end plates, the
coils are center fed and grounded at the ends so that the rf plasma potential is
minimum at each end of the discharge. In this configuration, the quartz plasma
tubes have operated for more than 100 hours before failure.

In operation, the plasma is initiated at low power at 10=3 to 10-1 Torr pres-~
sure. After initiation the discharge can be operated from 1 to 760 Torr at oscilla-
tor power inputs ranging from 1 to 69 kW using argon. On air the discharge can be
operated from 1 to 600 Torr with power inputs from 20 to 100 kW. At low oscillator
pover inputs (i.e. < 39 kW) a tungsten rhenium thermocouple is used to measure the
local gas temperature of the plasma at the entrance to the plasma channel. These
measured temperatures for various argon mass flow rates are shown in Fig. 3 as a
function of source pressure. The source pressure is controlled by changing the
oscillator power input. Above 28509K the thermocéuple melted. The dashed lines
represent theoretically predicted curves based on gas dyammic considerations. The
deviation at the higher mass flow rates and high temperatures apparently is due
to bending of the thermocouple from the center of the chamnel. Gas temperature
data sbove this range is difficult to obtain. However, by monitoring the source
pressure at higher powers the temperature can be predicted from the theoretical
curve. Because the gas is sonic at the thermocouple, the temperature derived from
Fig. 3 must be multiplied by 1.33 to obtain the source chamber temperature. The

"highest operating chamber pressures are indicated by a star in Fig. 3 and show the

maximum temperetures obtainable. These ‘points were limited by the maximum plate
current of the oscillator triode (10 amperes) rather than the meximum power capebil-
ity of the triode itself. An improvement in power output is possible by reducing
the number of turns on the plasma coil. When gas mixtures such as air which con-
tain diastomic molecules -are used, loading of the.oscillator is sufficiently low so
the maximum plate current coincides with maximum power. The design described here
is a compromise that provides operation on monatomic as well as diatomic gases with-
out mechanical or electrical modifications. Table I ‘shows typicel operating condi-
tions for the plasma source-operating on argon and air.

Optical Spectrographic Measurements

To interpret the chemical reactions in the channel it is necessary to know -the
electron temperature of the plasma in the source and reaction channel. In mosi
electric discharges there is some degree of nonequilibrium between the electron and
gas temperatures. Simple techniques such as thermocouples can not be used to deter-
mine both of these temperatures because the energy in the free electrons represents
only a small fraction of the total emergy in {he gas. Langmuir probes were not

i
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Figure 3 Channel Gas Temberatures_
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.
‘ Table | Typical rf Plasma Operating Conditions
) . ’
Line . | Discharge Plate Grid Filament | rf Generator
Power M " Pressure ; Efficiency | Gas
(W) | g/sec | (T |V [ LV ]IV %)
(kW) | (Amp) | (kV) | (Amp) | (VoIt)| (Amp)
90 0.104 165 85 (10 1.0 | 094 {127 | 19 58.0 Air
85 0.130 206 |85 |95 {113]100|127 | 195 58.5 Air
%5 | 0.163 258 92 | 97 | 125|114 {128 | 200| 609 |Air
\ 100 | 03% 562 {10 | 98 |155|140 |12.8 | 200 520 [Air
ol s | o0ae 139+ | 2.8 | 255) 007 | 0.06 {128 | 200 | ~50 | Argon
L 200 | 0193:) 166* | 45 | 51 |27 018 |12.8 | 200 | ~50 Argon
. 66 -0.193 164 6.55 | 9.65| 074 |{ 0.30 | 12.8 | 200 ~50 Argon
69 0.273 247 6.65 | 9.85 | 0.77 | 0.31 | 12.8 | 200 ~50 Argon

1

*With Thermocouple in Channel

Quartz

S,
Water
Pdischarge
)
Water
_ 7777777
Pehannel ~ Pdischarge/2
. Tzl T3
Discharge N Channel Channel
Chamber Chamber Upstream Downstream
Pressure | Temperature | vomperature | Temperature
(Tomn) (K) (K (K)
SL7 8820 5560 5600
103 8540 - =
155 8480 5260 5390
310 11810 - - 5020 -
465 10326 - 5350
620 8510 6410 4120

Quartz
Light Pipes

Table Il Spectrographically Measured Excitation Temperatures




16

used because of the difficulty involved in inserting them into the source and inier-
preting the resulting data. Furthermore, any perturbation introduced by them in the [
discharge region causes devitrification and rapid failure of the quartz tube.

Opticel spectrographic techniquesl2,13,1l yere found to be applicsble.

Spectrographic observations of the plasma at the source and at two axial posi-
tions in the reaction channel were made. Aluminized quartz light pipes were used to
direct the light to a one-meter (Jarrell Ash Model T8-466) spectrograph. Excitation
temperatures were obtained at the three positions and for various flow conditions
shown in Table II. The discharge chamber temperature at 310 and 465 Torr are thought
to be in error as a result of a discharge instebility in this pressure range and the
slow response of the strip chart recorder. The excitation temperatures were obtained
from Boltzmann plots of Ar I line intensities. The entire optical system (including
the light pipes) was calibrated between 5000 and 4000 A using a tungsten ribbon fila-
ment lamp. -

In the optical measurements, the excitation temperature was assumed to be close ’
to the.electron temperature due to the efficient energy exchange between free elec-
trons and the upper bound electronic states. ZXlectron density measurements were
attempted using line profile and continuum techniques. Plasma source operating i
conditions were 114 Torr and 51 kW of rf power. No line broadeging was detected
indicating that the electron densities were less than 1.0 x 1016 e/cm3.  The electron
density calculated from the Kramers - Unsold equation for continuum radiation was
1.5 x 1016 e/cm3.

Microwave Radicmeter Measurements

In addition to the optical spectrographic excitation temperature measurements ‘
of the plasma source the electron temperature was measured using radiometric techni-
ques. As is known the emitted spectrum of any homogeneous source becomes more con-
tinuous as the depth of the source increases, since initially the strongest lines
tend to be reabsorbed, then the weaker ones, and eventually all parts of the continuum J
until the spectrum resembles a blackbody continuuml’. However, in the lsboratory this
happens at best over a rather limited frequency range. (If this were not the case,
rediative energy losses would be formidable.) Ordinarily in the microwave frequency
range no line spectra are present and only continuum rediation occurs. In laboratory
plasmas with plasme frequencies above the rediometer frequency considersble reflec-
tion of the continuum rediation at the plasme~air interface occurs resulting in very
low levels of radiated power.

For the radiometric measurements a modified Dicke X-band microwave radiometer
operated at 8.5 GHz shown in block diagram form in Fig. 4 was usedlb,17,18, 1n
operation the radiometer is electronically switched between the plasma source and &
standard noise source. A standard noise source and a 50 dB precision attenuator
combination form a 10,0000 calibrated blackbody temperature standard against which /
the temperature of the plasma is compared. The difference in thermal radiation
between the plasma and the standard is detected, amplified, and processed by the !
radiometer as followsl9,20. fThe signal is passed through a balanced low-noise mixer
IF pre-amp combination, followed by a high gain IF amplifier. This is followed by
a coherent detector in synchronism with the electronic X-band switch and the output
is read on a precision microvoltmeterll.

The radiometer receiving antenna is a contoured open~ended vaveguide, capped
by a similarly contoured 1.5 mm thick quartz window (Fig. 2). The waveguide is
oriented so that the E-plane is parallel to the axis of the discharge chamber,
resulting in the smallest amount of mismatch. Because of the small radiation
signal from the source, this mismatch was tuned out.
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To accomplish this, the following modifications were adopted from the conven-
tional radiometer. Provision was made to operate the system in a non-radiometer mode
via a "test loop”. In this mode, the local oscillator (L.0.) signal is passed
directly to the radiometer antenna through a set of manual switches by-passing the
remainder of the circuit, allowing simple transmission and reflection measurements -
to be made. Due to the high plasma density (Ne > 1015 e/cm3), no transmitted signal
through the plasma could be measured as signal attenuation exceeded 60 dB. The E/H
tuner closest to the antenna was adjusted for maximum noise signal in the usual
radiometer mode with the discharge operating at 150 Torr. The other E/H tuner was
tuned for minimum reflected signel in the test loop mode to eliminate any reflec-
tions at the isolator.

The fine adjustment of the radiometer was accomplished in the usual radiometer
mode with the antenna attenuator set at maximum and the phase and emplitude of the
reference signal in the coherent detector adjusted for maximum deflection on the
microvoltmeter.

With.the radiometer system adjusted for maximum sensitivity and the antenna
network tuned and matched, the radiometer was used for electron temperature deter-
mination. The radiation power incident upon the rediometer may be expressed
analytically as

P = kBT = kB (1-I) Ty, = kB (1-1) AT.

so that

T =———.—l—.—
T xB (1-T) A

vhere k = 1.38 x 10-23 joules/OK (Boltzmann's constant); B is the bandwidth of the
incident radiation (Hz); I' is the reflection coefficient due to the mismatch intro~
duced by the antenna window, the quartz plasma jacket, and the water gap; T, Tb and
Ty are the effective blackbody temperature, plasma blackbody temperature and radia-
tion temperature respectively; A is the.absorption coefficient {i.e. equal to the
emissivity) which includes reflections at the plasma quariz interface and the plasma
absorption. ' ’

By proper matching of the radiometer antenna, I = O. The radiation temperature
is obtained by setting the precision attenuator in the reference leg so that the

‘radiometer output (on the microvoltmeter) is nulled. In this way a balance is

achieved between the plasma and reference leg signels and consequently between the
equivalent noise temperatures of the plasma and the standard noise source. The
decibel reading on the precision attenuator yields Ty via the calibration curve
which relates the equivalent blackbody temperature to the attenuator setting. From
this temperature the electron radiation temperature T, can be obtained if A is
known. The radiation temperature equals the electron temperature Te when the elec-
trons are Maxwellian distributed. Past measurements have shown that the plasma is
in equilibrium, at least in the LTE semse; so that the assumption of a Maxwellian
distribution is reasonable for the electrons and thus Ty is assumed equal to Te.

To relate Tp to Ty (and hence Te), the emissivities were calculated for a slab
plasma for a given discharge pressure (Pg), fraction of ionization (p) and Te. In
these calculations the electron-ion and electron-neutral interasctions were included,
using Appleton—Bray22 for the former and Brown's cross section data23 for the latter.
For the range of Ne between 1010 and 5 x 1016 e/cm3 and Te less than 18,0000K, the
electron-ion collisions were found to be dominant. Representative results from
these computations for the emissivity as a function of the fraction of ionization
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are given in Fig. 5. If the electron density measured with the microwave inter-
ferometer is used (5 x 1015 e/cm3) to calculate ¢ the resulting electron tempera-
ture egrees with the spectrographically measured temperature (Fig. 6).

Reaction Channel Design

The reaction channel for this system was designed so the plasma chemistry
could be most easily interpreted. The channel was made sufficiently long for
reaction rates to be determined but not long enough for an appreciable boundary
layer buildup or for fully development pipe flow. A well established result of fluid
mechanics is that for Reynolds numbers below 2300, flow through a channel will' remain
laminar even in the presence of strong disturbances in the flow prior to its
entrance2¥. The Reynolds number for the channel is

D
R, =

&

density of flow in channel,
average velocity,

channel diameter,

viscosity of flow in channel.

where

a v onn

Et T oo

Using mass flow relationship m = pud, where A = channel cross section,

Typical operation conditions are

o Be

0.23 g/sec _
Ok em - : _
1.1 x 1073 (assuming a m1/2 temperature dependance and 3000°9K).

The resulting Reynolds number is approximately TOO indicatving laminar flow. Exper-
imentally the flow can be made turbulent by increasing the mass flow rate to
approximately 1.00 g/sec.

The velocity profile in the transient or inlet portion of a circular channel
for laminar flow has been investigated experimentally by Nikuradse25. Only after
approximately 50 channel diameters downstream would the flow velocity be described
by Hagen-Poiseville pipe flow. Using the results of Nikuradse, velocity profiles
at several stations for a 1.6 cm channel are shown in Fig. 7. The velocity profile
is shown to be nearly flat at the end of the channel indicating no appreciable
boundary layer buildup..

Target Gas Injection and Mixing

The target gas injection system is composed of a high pressure reservoir,
regulator, pressure gauge, needle valve and supersonic orifice mounted in the wall
of the channel near the entrance. The orifices are commercially availeble pinholes,
mede of 25 um thick nickel ranging from 35 to 200 um in diameter. These orifices
sre eilver scldered to stainless steel tubes and mounted in the chennel. The orifice
is operated sbove the critical pressure ratios By/P. (upstream pressure/channel
pressure) so target gas injection is always supersonic. If the channel gas were
not flowing the position of the first Mach disc would be

= 0.67 D VER,/P,
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Figure 5 Microwave Emissivity at 8.5 GHz
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Figure 71Channel Velocity Profile
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[}

where X
D

Mach disc distance from orlflce, and
orifice diameter.

1}

However, the plasma in the reaction channel is traveling gt sonic velocity which

makes the mixing problem much more difficult. Shandorov2® and Ivanoval have developed
an empirical expression for the trajectory of the deflected jet based on experimental
studies. They have investigated a range of dynamic pressure ratios from 2 to 22 and
for 450 to 90° range of angles between initial injection flow and channel flow. The
centerline for two dynamic pressure ratios calculated from these expressions 1s

shown in Fig. 8 as dashed lines. Using the M gch disc location along this centerline
and Mech disc diameter given by Crist, et al®

% = 0.22 (Pu/Pc)2/3)

P;
where D = diameter of Mach disc, and
Dj = diameter of orifice,

the Mach disc is shown superimposed for a 200 um orifice. The nature of the flow
after the Mach disc is probably free turbulent flow. The lifetime of this turbulent
flow is uncertain, since the channel main flow is strongly laminar (Rg a 700) and
will eventually damp out the turbulence.

From this target gas injection analysis, it is apparent that care must be taken
in interpreting chemical reactions in the channel. Rate constants evaluated from
this experiment also include mixing rates. However, since the In of the electron
density as a function of terget molecule densiity is linear over a large range mixing
appears to be no problem. The mixing could obviously be improved by
using three injection nozzles around the circumference of the channel spsaced every
120°. This modification is presently being incorporated.

Expension Flow Field

The plasma and reactants pass from the reaction channel into an expansion
chamber evacuated by 1k1.5 //sec vacuum pump. For an argon mass flow of 0.22 gfsec,
and a discharge pressure of 165 Torr, the pressure in the expansion chamber is 0.26
Torr. The channel pressure is maintained at approximately 87 Torr. These were the
conditions at which most of the present plasma chemistry experiments were performed.

" The expanslon flow is a free jet for which the flow field has been substantially

investlgatedez. For the above operating conditions the free jet expansion has a
theoretical Mach disc location of 12.2 nozzle diameters (4.85 cm) downstream from
the channel exit. However, this theoretical location is based on experimental veri--
fications for & single component gas exXpansion. Thus for a plasma, the theoretical
location of Mach disc is only indicative of a general distance near which the real
Mach disc i1s likely to be present. In our experiment, & visual observation indicates
a probable location for the Mach disc at 5.71 cm downstream from the channel exit.
This is also the location for the extractor nozzle through which the plasma sampling
is made.

As in the case of the Mach disc calculation, the thermodynamic, fluiddynamic
and collision parameters in the free jet flow fleld have been celculated from the
known correlations of single component gas free jet experiments (Fig. 9) due to the
lack of esteblished experimental correlations for a plasma free jet.

The calculated terminal Mach numver is 1llL.26 and is located st X/D = 9.25 on
the free jet axis (Fig. 10a), indicating that there will be no interference from
interparticle collisions at the extractor nozzle location at X/D = lhk.k. In the

1
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free jet before the\terminal Mach number, the flow field is a collision dominated
laminar flow closely described by isepiropic relationms. Calculations incicaie that
the environmental pressure level (0.26 Torr) is reached at X/D =~ 3 (Pt. A in Fig. 10b).
Penetrations of the background gas molecules 'are prescnt further downstream; however,
because of lhe lov collision {requency, the presence of the background gas in this
part of the free Jjet is not expected to cause significant change to the composition
sampled at the extractor nozzle by the mass spectrometer.

The temperature of the argon in the free jet reaches the freezing point of
~ 879K at X/D = 7 (pt. B in Fig. 10b). Thus, argon dimers may be formed. However,
the collisions between argon atoms vecome so few that the chance of dimer formation .
is greatly reduced. The electron density curve in Fig. 10b is-also calculated using
isentropic relations witn ¥ = 5/3. Based on the spectroscopically measured excita-
tion temperature (85000K) in the discharge chamber and subsequent correlation in the
sonic_reaction chamnel, the electron density at the channel exit is =~ 1.7 X 1015
e /em3 and is calculated to be . 4.8 x 1012 e Jem3 at X/D ~ 9 (pt. C in Fig. 10b)
where the electron density measured by the microwave interferometer is 4.2 x 1012
e f/em3 (pt. C' in Fig. 10b).

The interparticle collisions in the free jet are an important factor in correl-
ating the data sampled at the extractor nozzle position downstream (X/D = 14.4) vith
the composition at the channel exit. The extent to which the plasma composition may
be altered in the free jet depends on the accumulated number of collisions from the
channel exit downward to the extractor nozzle. For Ar-Ar collisions (Fig. 10c),
and most of the collision between argon and neutral reaction products, the accunulated
number of collisions rises rapidly in the first nozzle diameter distance with little
increase further downstream. The total number of the thermal collisions is estimated
at o 700, sufficient to cause rotational and vibrational transitions, but not numer-
ous enough to cause much excitation or ionization of the Ar atom or dissociation of

reaction products. Also shown in Fig. 10c is the accumulated e - Ar collisions from
the channel exit. The number of collisions are calculated from the established
cross sections for low emergy e - Ar interactions30. The accumulated number of

e =~ Ar collisions indicates an increasing trend reflecting a fairly constant colli-
sion frequency due to the Ramsauer-Townsend effect. For the conditions of this
experiment it is reasonable to assume that the collision frequency between electrons
and neutral reaction products is nearly the same as the e - Ar collision frequency.
This means that electron attachment reactions may occur in the free jet. However,
the electron density is reduced by iwo orders of magnitude because of isentropic
expansion and consequently the attachment contribution in the frec jet should be

"small compared with that in the reaction channel. 1In any case, to remove any doubt,

electron attachment or electron ionization measurements should be performed using
two channel lengths so it can be shown that the reactions are indeed occurring in
the channel. :

Microwave Interferometer Measurements of Electron Densities

An important parameter necessary to evaluate electron target molecule reactions
is the electron density. Electron densities are measured with a Ka-band (27-40 Giz)
microwave interferometer3l in the free Jjet region 2.5 cm from the exit plane as
shown in Fig. 10. Open ended waveguides are used for antennas and are located so
that the plasma is just outside of the antenna near field. An isolator is used
behind the transmitting antenna to prevent reflections due to plasma. scattering
from entering the system. An additional isolator is placed behind the receiving
antenna so the crystal detector behind the magic tee can be tuned Lo the incident
received signal only and thus avoid reactive tuning due to the plasma path length.
Precision phase shifters and attenuators are used throughout the circuit to obtain
maximum accuracy and sensitivity.




oL

The electron density and electron-neutral collision frequency are evaluated by
relating the measured phase shift and attenuation due to the plasma to that predict-
ed from a plane wave analysis assuming a parsbolic.electron density profile for a
given diameter shown in Fig. 1l. _This system is capable of measuring electron
densities from 2 x 1010 to 1 x 1013 efcm3. Figure 12 shows the measured electron
density as a function of rf generator power for various argon mass flow rates.
Because the plasma is underdense, the electron-ion collision frequency is small
compared to the interferometer signal frequency, no appreciable attenuation occurs.
The measured electron densities in the free jet can be related to the electron
densities in the channel as described in the preceding section. The electron density
at the exit plaene of the free jet at a mass flow of 0.22 g/sec and 57 kW of rf power
was shown to be approximately 354 times higher than that measured 2.5 cm further
downstream.

Mess Sampling System

The ion sampling system is shown schematically in Fig. 13. The center core

flow of the expanded plasma plus target gas reaction products is sampled with a
specially designed conical extractor nozzle. The cone angles of the extractor mini-
mize boundary layer effects near the orifice and prevent gas particles from being
scattered back into the expansion plume. The extractor is conduction cooled by water
cooling its mounting flange. The extractor tip is located in the expansion region
between the location of the transition zone and the Mach disc and contains & 250 um -
orifice through which the plasma is sampled. Mass analysis of the sampled plasma
is achieved with a commercial quadrupole analyzer and ionizer (EAI 150A) loceted

behind the extractor nozzle. Ion currents from the analyzer are collected with a
' Faraday cege and measured with an electrometer. Biasing on the input electrodes to
the quadrupole and the Faradey cage is adjusted to optimize the positive or negative
ion signal. Neutral species detection is accomplished by activating the internal
filament and biasing supplies of the quadrupole control unit. Background pressures
in the system during normal operation are 0.26 Torr in the expansion region and about
2 x 107° Torr in the analysis region. A sample of positive and negetive ion data
using SFg target molecules is shown in Fig. 1h4.

Interpretation of Experimental Measurements
Chemical rates for various kinds of reactions can often be evaluated by the use

of a forward rate dominated model. For a forward dominated 2nd order process, the
rate constant at temperature T is given by

t(n-N,) n N(t)

K(T) = —L ___/n [NO[N(t) +'n-No]].

where .

N(g?

initial reactant number density,
reactant number density after reacting time t, and
target molecule number density.

Wonon

This forward rate dominated model assumes that the reactant number density de-
pletion is due solely to the reaction of interest. If more than one new species
are observed by the mass spectrometer, care must be exercised in using this model .
and in general the measured reaction rate will be an aversge for all the reactions
observed.

Reactions involving the plasma free electrons are often of major interest in
the study of plasma chemistry. 1In this case HNp hecomes the initial electron number
density and N(t) is the electron number dens:.ty after reacting for tJ.me t; K(T) is
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Figure 11 Electron Density (N) - Collision Frequency (V) Contour Plot
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Figure 13 Schematic ofl' lon Sampling Systems
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evaluated from the preceding equation. Therefore, this measurement technique pro-
vides a method for obtaining electron reaction rate constants at readily controllable
temperatures. This rate constant can be compa.red to the theoretically predicted
electron reaction cross sections o(T, E) by

1o .
’_ “.K(T) f@‘-f-{, o(LE) 2B OB,

= ;.

vhere f(E) = electron energy distribution, and
me = electron mass. .. C

N

Since many investigators have found that ‘the electron dissociative attachment cross
section for-some target molecules increases significantly with the target molecule
temperaturelxz the: experimental apparatus descrlbed in this paper will ‘extend these
measurements to higher temperatures. e -

IS . ' - :

As an example, the dissociative attachment rate constant for

00 + e : - N, + O e
5Fg +'e ——— - SF5 + F N T
SF6 +e - &8F

are evaluated at: 3000°K Electron temperatures for the experiment are assumed to be
equal to the Ar excitation temperatures measured spectroscopically. Electron dens-
ities meassured with the microwave interferometer and negative ion densities measured
with the mass spectrometer are shown in Figs. 15 and 16. Note that for N>O the rate
of decrease of electron density approximately equals the rate of increase of negative
ions. Since the plasma is less than 1% ionized the target molecule mumber density
is usually much greater than the electron number density (i.e. n » No) and the equa-
tion for the second order rate reduces to

N,
II(t)

K(T) =& /n
nt

From a plot of fn Ny/N(t) as a function of n, t K(T) is evaluated.

The initial rate of increase of the F~ and SF§ is used to evaluate the rate
- constants when using SFg as a target gas. Initial”slopes are usually used to evalu-
ate the forward reaction rates because so few reaction products are formed at the
low target gas mole fractions and consequently no apprecisble reverse reactions
appear. Measured reaction rates for various electrophilic target molecules are
shown in Table III for a gas temperature of 3000°K.

Conclusions

A system has been developed for the measurement of chemical kinetics in high
temperature plasmas. Flasma temperatures and electron densities have been measured .
in the reaction region. Reaction temperatures from 1000 to 3000C°K have been attained.
Direct measurements of reaction products including both positive and negative ion
species and free electrons have been achieved. Electron attachment rate constants
for several electrophilic target molecules have been calculated from the negative ion
signals at a reaction temperature of 30000K. Additional experimental attachment
gtudies will be necessary to extend the measured attachment rates over a broad temper-.
ature range for comparison with data obtained by other investigators. Preliminary
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Table Il Measured Re‘action Rates (T g = 3000K)

Estimated Rate x 1013

Probable Reaction (cn3/partsec.) Determined from |
Ar* + Hy —AtH* + H 63 AT Decay
e+Ny0—0"+Np 18 0 ™ Increase
e + Bry—Br™+ Br 13 Br ~ Increase
e + SFg—F~ + SFj 142 F~ Increase
e+ SFg——SFg~—SF5 + F SF Increase

140
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Figure 15 Electron Density and 0~ Intensity
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results indicate that the electron attachment rates measured at 300001( can differ
significantly from those measured at lower temperatures.

Acknowledgment

The authors are indebted to Dr. R. A. Hefferlin for the optical spectrographic
measurements of the source and reaction channel exc1tatlon temperatures and the
electron density in the source.

References
1. P. J. Chantry, J. Chem. Phys. 51, 3369 (1969).

2+ We. L. Fite and R. T. Bracicma.n, Proceedings of the Sixth International Conference
on the Tonization Phenomena in Gases (SERMA, Paris, 1963) Vol. 1, p.-2l. W. L.
Fite, Re T. Brackman and W. R. Henderson, Proceedings of the Fourth International
Conference on the Physics of FElectronic and Atomic Collisions (Science Book-
crafters, Inc., Hastings-on-Hudson, New York), p. 100.

3. W. R. Henderson, W. L. Fite and R. T. Brackmen, Phys. Rev. 183, 157 (1969).

4. F. C. Fehsenfeld, A. L. Schmeltekopf, P. D. Goldan, H. I. Schiff end E. E.
Ferguson, J. Chem. Phys. 4k, 4087 (1966).

S« D. Be Dunkin, F. C. Fehsenfeld, A. L. Schmeltekopf and E. E. Ferguson, J. Chem.
Fhys. 49, 1365 (1968).

6. K. E. Starner, "Evaluation of Electron Quench Additives in a Subsonic Air Arc
Chaunel, " Aerospace Report TR-0200 (4240-10)-2 September 1968.

7. S. Atallah, W. A. Sanborn, A.foodbhoy, "The Effect of Chemical Additives on the
Electron Density of Plasma Jets,” AFCRL 66-5, December 1965.

8. S. Aisenberg, "The Use of Chemical Additives for the Alleviation of the Plasma
Sheath Problem,” Proceedings of the Conference on the Applications of Plasma
Studies to Reentry Vehicle Communications, Vol. 1, (1967).

9. J. He Mullen, R. L. Cowperthwaite, and T. C. Peng, Twenty-Second Annual Gaseous
Electronics Conference, Gatlinburg, Tennessee (1969), Bu.]_l fm. Phys. Soc., 51
3369 (1969).

10. T. B. Reed, J. Appl. Phys. 32, 821 (1961).
11. K. V. Eckert, F. L. Kelly and H. N, Olsen, J. Appl. Phys. 39, 1846 (1968).

12. R. Hefferlin, Progress in High Temperature Physics and Chemistfy, (Pergamon
Press, New York, 1969), Vol. 3, Chap. 2. '

13. G. V. Marr, Plasma Spectroscopy (Elsevier, London, 1968).

1k. W. Lochte-Holtgreven, Plasma Diognostics, (Horth Holland Publishing Co., John
Wiley & Sons, New York, 1968), Chap. 2

Se

15. G. Bekefi, Radiation Processes in Plasmas, (John Wiley, New York, 1966) Chap. 2.

16. R. H. Dicke, Rev. Sci. Instr. 17, 268 (1946).




17.
18.
19.

20.

32.

31

D. B. Harvis, Microwave Journal, 3 L1, 47 (1960).

P. D. Strum, PROC. IRF, 48, 43 (1958). '

J. 5. Hey and V. A. Hughes, PROC. mﬁ, @,'119‘1‘(1958).

G. G. Haroules and W. E. Brown III, Rev. Sci. Imstr., 38, 1043 (1967).
E. A. Ohm and W. W. Snell, Bell System Tech..J., 42, 2047 (1963).

J. P. ippleton and K. N. C. Bray, Fluid Mech., Part 4, 659 (1964).

S. C. Brown, Basic Data of Plasma Paysics, (MIT Press, 1959), Chapter l.

H. Schlichting, Boundary,Layer' Theory, (McGraw-Hill, th Ed. 1960), p. 35-36.

Toid, -p- 257.

G. N. Abramovich, Theory of Turbulent Jets, (MIT Press, Cambridge, Mass., 1963),
Pe 543, o ] . .

Toid, p. Shb.
S. Crist, P. M. Sherman, D. R. Glass, ATAA J., 4, 58 (1966).
J. B. French, ATAA J. 3, 993 (1965).

G. Frencis, Ionization Phenomena in Gases, (Butterworth Scientific Publications,
1960), Chap. 2, p. 19.

M. A. Heald and C. B, Wharton, Plasma Diagnostics with Microwaves, (Joha Wiley,
New York, 1965), Chap. 6 and 9.

T. F. O'Malley, Phys. Rev. 155, 59 (1967).



32

PRESSURE EFFECT ON PRODUCT SELECTIVITIES IN THE PYROLYSIS
OF METHANE IN AN ARC-PLASMA HEATER

C. Hirayama
M. G. Fey
F. E. Camp

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

INTRODUCTION

There have been a number of electric arc processes reported for the
conversion of hydrocarbons to acetylene and associated products. To date, only-
two of these processes have been adapted to commercial scale production of
acetylene., 1) The original Huels flaming-arc process— in Germany pyrolyzed a
hydrocarbon feed stock in a direct current arc. The gas was introduced into the
heater in a swirling pattern so as to aid in rotating the arc. A heavy hydro-
carbon was also injected downstream of the heater nozzle as the initial quench.
More recently, the feed stock hydrocarbon has been injected into a hot hydrogen
plasma2 in order to reduce the carbon content in the product. 2).The DuPont
process3 (presently not in use®) utilized a direct current arc similar to Huels',
but with a magnetic rotation of the arc. In this process, the plenum was
maintained below atmospheric pressure. The Huels process, although not so
stated in the published literature, presumably cracked the hydrocarbon at
atmospheric (or higher) pressure. Unless.there is use for the carbon from
these pyrolysis processes, it is imperative that the soot content in the product
be minimized.

For most practical plant practice, it is desirable that the pressure of the
product gas from tlie heater be as high as possible. This would minimize. the
compression necessary for efficient absorption of acetylene from the cracked gas
in the separation plant. It is known that higher pressure in the cracking
chamber tends to yield higher carbon; conversely, lower pressure reduces the
carbon yield. For example, the DuPont process, which reportedly operated at
400 torr in the plenum, yielded only about three percent of carbon, whereas the
earlier Huels process yielded approximately twenty percent carbon.

We here report the effect on acetylene seleetivity of pressures between
one and seven atmospheres in the electric-arc heater reaction chamber when
methane is pyrolyzed.

EXPERIMENTAL

The electric-arc heater of 3000 kilowatts has been described previously.5
However, for the present experiments, the heater was operated in the self-
stabilizing, high-flow mode on a.c. power, as described by Fey. Suffice it
to report here that the chemical data obtained on the present arc heater and
that reported by Fey are similar.

Test Conditions

‘Methane of C.P. grade (98.6% CH,, 0.2% C,H_, 1.1% Ny, 0.1% 0,) was delivered
to the heater from a pressurized tube-trailer, and was metered through a critical
flow orifice. The gas was introduced to the heater at room temperature. The
residence volume of the heater chamber was 0.6 ft. 3,

]
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The gas samples at the heater nozzle were collected as previously.described5

with a water cooled copper probe of 1/8 inch i.d. A carbon filter (Purolator
part #51383 fiber filter fitted into a glass vessel) was inserted before the
sample manifold. The chemical analyses of the product gas were obtained by mass
spectrometry. :

During a run, the power level was varied over several steps by changing the
gas flow rate and/or by changing the arc power. A product gas sample at each
step was collected after the desired arc power level became stabilized. The
electrical, flow and pressure data were continuously recorded on, a Honeywell
Model 1612 visicorder.

The pressure in the arc chamber was controlled by an 8" long cylindrical
graphite insert fitted into the heater nozzle. Different pressure levels were
obtained by inserts of different orifice diameters and by varying the gas flow -

-rate. The orifice diameter varied from 1.06 to 3.00 inches. The heater chamber
pressure was measured by inserting a callbrated transducer into the end-plug of
the heater.

RESULTS .

Table I summarizes typical operational characteristics of the arc heater.
The arc power level varied from 1 to 2.5 megawatts, with a thermal efficiency
. approaching 90%. The methane mass flow rate was as high as 0.78 lbs/sec, and
the enthalpy of the gas varied from approximately 1300 to 4000 Btu/lb. The
pressure in the heater chamber varied from atmospheric to 87.9 psig.

Table II summarizes the molar composition of the product at conditions
corresponding to the operations shown in Table I. The material balance was
made on the basis of the C/H ratios of the feed and of the product gas. The
results in Table II are slightly in error since a small amount of the product
was adsorbed on the trapped carbon in the filter. This was evidenced by an
aromatic odor of the carbon sample. However, this error is less than five
percent, as shown by a separate test in whlch the feed gas was doped with 2%
argon as a material balance probe.

The concentration of acetylene, C, in the product was fitted to various
functions, f(P/H), where P is the heater chamber pressure in atmospheres, and H
the enthalpy, in Btu/lb, into the feed stock. The best linear correlation
obtained was of the form log C—A—B/f7ﬁ where A and B are constants. Figure 1
shows the plot for all of the data. The scatter in the data was greater at
high vP/H. :

Table III shows the overall conversion (percent reaction) of the methane in
the first column. As shown in Figure 2 for all of the collected data at atmos-—
pheric and for higher pressures in this experiment, the conversion increases
almost linearly with the enthalpy.

Table III also shows the carbon material balance in columns 2 to 10. Note
the relatively large amount of methane in the product. The last column in this
table -shows the specific energy requirement (SER) for acetylene production under
the conditions reported herein. At atmospheric pressure, runs 1 to 3, the SER
remains approximately constant, around 4.0 kwh/1b C.H,, at enthalpies of 2100 to
3650 Btu/lb. At pressures between 4 and 22 psig the "SER's are below
5 kwh/1b C2H2' The acetylene concentrations'in these instances (runs 4 to 8),
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Fig. 2—Conversion of methane as a function of enthalpy
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Conversion, Carbon Material Balance

(Conversion to Carbon Products) and SER

Table III.

SER
kwh/1b

Conversion to Carbon Products, Mole %

Conversion

Run

No.

C2H2

C2H4 C2H6 C3H4 C3H8 C4H2 C6H6

C,H,

~r

CH

%

2.3 4.1

0.30
0.87
0.86
0.41
0.30
0.28
0.72
0.36
0.85
1.1

1.2

1.0 0.04 2,2

0.30
0.17
0.10
0.28
0.25
0.23
0.21
0.26
0.21
0.17
0.20
0.17
0.25
0.25
0.28

0.86
1.7

21.4

71.6

28.1

3.8
4,0

6.1
12.8

0.09
0.10
0.12
0.15
0.07
0.08
0.07

1.4
1.2
1.4
‘1.0

33.9

53.2

46.6

3.0
2.5
1.8
1.2

40,7 1.9

39.3

60.5

4.3
4.9
4.2
4.6

3.4

25.1 0.94
0.71
0.70
1.6

65.9

33.7

17.0

76.8

22.8

37

1.9

0.63
1.0

12.5

82.5

17.2

7.1
3.0
6.0

14.7

1.7

21.9
14.7

65.7

34.0

4.5

1.2

0.87
1.0
1.1
1.0

1.0

1.8

78.4

21.2

5.7

1.4
1.6
1.3
1.4

0.08
0.13
0.08
0.13
0.11
0.07
0.11

19.5

69.2

30.5

5.4

2.8
2.8

2.7

25.7

46.9 52.7

10
11

12

5.8
4.9

12.3

21.5

59.5

40.3

1.0
1.1

1.0

24.3
13.0

53.1

46.6
"28.6

16.2

7.2
18
- 10

10.2

0.80
0.40
0.70

2.8
1.7

71.0

13
14

0.71
0.22
0.36

5.2
13.5

0.81
1.5

5.2

86.1

13.5

9.7 4.0

29.7 69.9

15
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however, are low because of the low enthalpies. At higher pressures, the SER
increases as a result of increasing carbon yield.

Table IV shows typical selectivity (yield) values, arranged in the order of
increasing pressure in the heater chamber. (These values are obtained from
Table III by dividing the respective quantities in columns 3 to 10 by the quantity
in the first column. The selectivities are actually low since the conversions
are higher than calculated on the basis of the C/H ratio (see below)). Rums 1 to
3 show the effect of increasing temperature on the selectivities at atmospheric
pressure. There is a significant increase in carbon yield as the pyrolysis ) ,
temperature increases. As the pressure increases, there is a trend toward
decreasing acetylene and diacetylene, while the ethylene, benzene and carbon
yields tend to increase. The methylacetylene yield remains nearly comstant with
pressure. Figure 3 shows the correlations between the acetylene and carbon
selectivities with pressure. Note that the pressure has been corrected to psia
in this figure. The scatter of the data points arises in part from the variation
of enthalpy encountered in these runs. The acetylene selectivity is best fitted
with a linear correlation, S = 79 - 0.44 P, where S is the selectivity (in mole
percent) and P the absolute pressure (psia). The carbon selectivity is a non-
linear function of the pressure.

DISCUSSION

In an electric arc process, the acetylene is formed from the hydrocarbon
primarily at the high temperature around the arc column. The product is then
rapidly quenched as it mixes with more feed gas. At the high flow rates

_ reported here, the acetylene is more or less frozen as it is swept out of the
heater. Within the heater chamber, however, the acetylene could polymerize. In
the heater, there are regions of very high temperature where local thermodynamic
equilibrium exists. Consequently, solid carbon will always be a product. It is
well to remember, however, that cracking of a gas in an electric arc heater is
considerably more complicated than that in an isothermal system at the same
enthalpy. There is considerable local temperature inhomogeneity in an electric
arc system.

The conversion of methane to acetylene and to ultimate products is generally
believed to follow a path’:

i CH4 > C.H > C,H > C,H +4 polymers - carbon.

The ratio of [CZHG] to [CH,] is very small, because of the largé k2, so that
ethane is often not detected in the pyrolysis product from methane. . The ethylene
is converted to acetylene by a monomolecular process,  whereas the acetylene is
polymerized to its product by a bimolecular process.é One of the polymerization
products of acetylene is diacetylene, which decomposes in a manner very similar
to acetylene.10 The diacetylene further polymerizes to ultimately yield

carbon. At temperatures above 1000°C, all of these reactions are very rapid.

It is not surprising that both the acetylene and diacetylene selectivities
decrease with increasing pressure since the decompositions of both compounds
are similar bimolecular processes whose rates of reaction vary as the square of
the pressure. It is apparent from the data in Table IV that the acetylene
decomposition is much more sensitive to increasing pressure than is the mono-
molecular reaction by which the acetylene is formed from ethylene. The latter
reaction rate varies only as the first power of the pressure. The increase in

i
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Selectivity of Products in Mole % and Heater Chamber‘Pressﬁre

SELECTIVITY

Table 1V,

‘Pressure,

Run

No.

psig

1.1 8.2

7.8

3.6
3.0

'76.1

3.1

13.1.

1.9
1.4

5.8
5.0
7.4

1.9

3.6
3.1
2.8

72.5

21.1.

2.0
4.2

67.2
- 74.5-
~74.5

3.8

10.1

1.2

9.2

1.3
1.6

4.4

3.7

3.1
4.1
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7.0
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64.5
69.3
64.0

2.3
- 3.0
2.1

54.8 6.0 3.4
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53

10

. 31.3

35.0

7.0 2.5

3

11

30.5

34.7

3.0

5.8 2.1
2.8
3.0

52.1

12

56.

3.8 35.7..

6.0

2.5
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9.8

12.6

13
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carbon yield with pressure is to be expected since this is the ultimate
decomposition product from acetylene, and there is a significant decrease in the
C2H with pressure. The increase in benzene yield with pressure is consistent
with the mechanism suggested by Cullis and Franklinl? for the formation of this
species. All of the variations in yield with pressure are in qualitative agree-
ment with the kinetic results reported by the above authors.

The relationship between the acetylene concentration and ‘the enthalpy, as
shown in Figure 1, is consistent with the Arrhenius law. However, the exact
significance of the correlation between the acetylene concentration and vP is not
known. The kinetics of the competing reactions for the formation and decomposi-
tion of acetylene at increasing pressures is obviously complex, Nevertheless,
the trend of decreasing acetylene with increasing pressure is in qualitative
agreement with the kinetics of acetylene decomposition.

Methane is one of the decomposition products of acetylenelo’12 and can
become a significant product. Therefore, the actual conversion is higher than
that calculated from the C/H ratio. Especially at high pressure and low
acetylene selectivity does the contribution of regenerated methane become
significant in the overall product concentrations. Unfortunately, the exact
amount of regenerated methane is not known, so that the overall conversion cannot
be corrected.

For:a viable acetylene process it is apparent that the pressure in the
reaction zone should be as low as practical in order to increase the C,H, yield
and to decrease thé soot content. On the other hand, if the carbon content
can be economically reduced, for example by downstream injection of steam
without seriously affecting the acetylene yield or by absorption in heavy oil,
operation around atméspheric pressure would yield acetylene at about
4 kwh/1b C H . Should the carbon be a desired by-product, this electric arc
process woulg become attractive.

CONCLUS ION

The acéfylene selectivity from the electric arc pyrolysis of methane
decreases linearly with pressure. Consequently, the carbon yield is increased
significantly as the pressure increases above one atmosphere.
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THE HEATING OF SOLIDS IN HIGH TEMPERATURE PLASMA

by

P. H, Wilks and M. L. Thorpe
TAFA/IONARC
Dow Road
Bow (Concord), New Hampshire

INTRODUCTION

Until recently, processing of solid particulate matter in plasma systems
has been thermally inefficient, with systems capable of handling only small
feed rates. The economic implications of this were overwhelming, and retarded
the development of commercial scale plasma heating processes. The actual
direct cost of energy was only a small part of the total cost. The major detri-
ment lay in the high capital costs of energy conversion equipment which would
be required for a thermally inefficient process.

Within the past two years we have culminated a 10 year effort and
achieved a major upgrading of plasma generator solids heating capability, A
pilot plant has been in operation for over two years, producing commercial
quantities of materials, with processing capablilities over 1000 lbs/hr. and
powder sizes up to 1000 microns. Power requirements have been dramatically
reduced. -

SYSTEM PERFORMANCE

The TAFA/Ionarc plasma furnace, in operation since 1968, has achieved
efficient heat affectation of solid particles on a large scale. We have found

the most logical measure of particle heating performance to be the spheroidizing -

capability of the system., Performance measurement works as follows. The
plasma system is turned on and adjusted to the desired power level, say 1000
kW. A 300 pound sample is then fed through the plasma column at a fixed
rate. A series of tests are performed in this manner with all parameters except
feed rate held constant. The particles are allowed to cool and solidify while

e e v iy T N
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still in flight. The product is then collected, screened, and the various frac-
tions run over the sphere separation table shown in Figure 1. These measure-
ments give a complete picture relative to the heat affectation capability of the
device operating under the test conditions. The spheroidization process is an
automatic one; if the particles become molten, surface tension pulls them into
a spherical shape. Melted particles below 150 microns are almost all spherical
upon passing through a device. As the particle size increases above 150 microns,
careful product analysis reveals a gradual increase in the number of egg shaped
particles and non-perfect spheres in the product. This is undoubtedly.caused by
the large mass of the particle and the associated distortion forces as compared
with the surface tension forces. If a feed stock below 150 microns is utilized,
essentially 100 percent spheres are achieved under conditions adequate to melt
all particles. Therefore, feed stocks in this size range are used when eval_uating
the spheroidizing capability. The performance measurement then is one of -
continually increasing the feed rate through the device in a series of tests and
measuring the decreasing number of spheres formed. With such data it is easy
to determine the minimum kWh/Ib. of feed stock which achieves complete

melting of all the particles. It has been observed that this is a reproducible
number which can be compared with similar data generated with different feed
injection techniques, power levels, apparatus geometries, feed stock size,

feed stock composition, etc. Figure 2 shows zircon sand (zirconium silicate)
which has been spheroidized. The illustration shows particles below 150

- microns which have been processed at 1 kWh/lb. Note that they are all

spherical. In Figure 3, the polished cross sections show that the spherical
particles have been melted throughout. On the other hand, larger particles,
such as the 300 micron particle shown in Figure 4, are not completely spherical.
The center core has not been heated to 1775°C, which is the dissociation -temp-
erature of zircon.1 This is clearly seen in Figure 4, where clear, glassy

zircon can be seen in the center surrounded by a completely dissociated mixture
of zirconium oxide and silica.

We feel that by this performance measurement technique we can accu-
rately compare various plasma systems and their particle heating capability.
We have been intensively active in this field since 1956 and have compared a
variety of plasma torches using this technique. Typically, a conventional dc
spray torch, shown in Figure 5, exemplifies the dc plasma torches used for
particle heating. Powder is injected downstream of the arc foot pcint to pre-
vent contamination of these areas. Much of the thermal impact of such a device
is lost because the particles cannot be passed through the arc and thereby take
advantage of the temperatures in this region, which are often twice that of the
tailflame where particles are injected. It is recalled that the thermal radiation
from hot gas is a function of the fourth power of the temperature; therefore, much
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Figure 1. Table for Separating Spherical Powders
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fe—>|
200/1M
Figure 2. Typical Zircon Product As

Removed from Furnace
Without Upgrading.

—>
200 /M
Figure 3. Typical Zircon Product
Showing Degrees of
Heat Affectation

Section in oblique, reflected light
shows dissociated mixture (white)
with cores of residual ZsiOy (gray,
transiucent) .
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Figure 4. Partially Dissociated 300 Micron Zircon
Furnace Product

This particle, in partially polarized transmitted light,
shows a core of residual ZrSiO4, with rim of mono-
clinic ZrO2 (fibrous) and cubic 2rO, {black). The
reason for the black color of the cubic ZrOZ phase is
explained by the exceedingly fine grained nature and
the high index of refraction of cubic ZrOZ resulting

in total reflection of the light. In reflected light this
phase would be perfectly white. Note the sequence
ZrS 104 , monoclinic ZrOy, cubic ZrO3, indicating
formation of monoclinic ZrO, ahead of cubic 2rO;.
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more particle heating capability is lost than is apparent from conductive heat
transfer calculations. Qur measurements would indicate radiant energy is the .
dominant factor in heating particles.

We therefore feel, on the basis of comparing the performance of a
variety of devices, that we have achieved a dramatic improvement in solids )
handling capability with the plasma heater. This manifests itself in two ways:;
first, a much higher themal efficiency (0.5 - 1.5 kWh/1b.) for such materials
as zircon, ilmenite, aluminum oxide, and most metals. This is to be compared
with energy requirements of 5 - 10 kWh/1b. which were typical of previously
available devices. Secondly, we have achieved reliable scale up, which has
permitted the design and operation of a reliable 1000 kW-1000 lb/hr. system,
illustrated in Figure 6. This is to be compared with previous systems which
.operated in the 1-10 lb/hr. range and with which most investigators have worked.
Units can be easily duplexed, and it would appear that further scale up will not
be difficult. In fact, thermal efficiency seems to improve, as might be expected,
as the scale of the apparatus is increased. Powder melting costs with such a
device, including all operating costs, plant amortization, and labor are in the
range of $0.06/1b. at the 1000 kW level. Projected costs are as low as $0.01~
0.02/1b. in the range of 10,000 kW. A third advantage of our present system is
its ability to operate with almost any gas environment, including hydrogen,
oxygen and chlorine. This has permitted us to subject molten particles to an
almost unlimited number of reducing, oxidizing and reactive environments.
Conventional gas-solid reaction kinetics“ continue to govern. However, with
the molten particles it appears that liquid turbulence may be considerable and
complete particle reaction can be achieved in many systems with particles
below 100 microns. Iron ore is a good example of this. We have achieved
nearly complete reduction in one pass through the device at power levels below
2 kWh/1b, even though the reaction is endothermic.

One can vaporize a considerable portion of the feed stock by increasing
the kWh/1b. This gives the obvious advantage in some chemical reactions of
" creating a vapor for reaction with the environment. Under such circumstances
the solid feed could be recycled until consumed. The power consumption for
vaporization, however, would be in the range of two to seven times the power
consumption required for spheroidizing, thus limiting such an application to
relatively high priced materials. We have estimated the cost of producing
fumed silica by such-a technique, passing beach sand through the plasma and
vaporizing 10-20 percent of it. Operating and amortization costs are in the
range of $0.15/1lb. An interesting by-product is produced in this case; clear,
amorphous silica spheres, which can be used as reflective beads in the sign
and pavement lining industry, The advantage of silica over glass, which is
used at present, lies in the superior reflectivity of silica.
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The hybrid particle heater, in which commercial scale activities are
carried out, might be applicable or adaptable to the treatment of coal particles.
The already promising economic picture derived from the work of Krukonis and
co-workers” for the Office of Coal Research might be made even more favorable.

The specific geometry of our hybrid particle heater is company confi-
dential, however, we have made this system available to industry on a variety
of business arrangement bases.

CONTINUOUS MONITORING

One application of solids heating which is quite interesting and timely
is the determination of sulfur in coal and various ores. This can be either a
pollution oriented or process control application and operates on the principle
of instantaneous and complete oxidation of the test material, which is fed
continuously into an oxygen plasma. Spectrographic or chromatographic
techniques may be used to assay the resulting oxides. :

ORE PROCESSING

The spheroidization-dissociation phenomena described previously for
zircon, which is-the starting material for the zirconium oxide industry, typifies
one of the applications of the plasma generator to ore processing. We have
developed a complete flow sheet for the economic production of zirconium
dioxide via the plasma route. This involves the dissociation of zircon ore
(zirconium silicate) to zirconium dioxide and silica, followed by conventional
hydrometallurgical processing of the dissociated product to various purities

_of zirconium dioxide, A variety of purities have been produced, ranging from
70 percent to ultrapure, hafnium-free nuclear grade material. It appears that
the process has some economic advantages. Large samples of some of the
grades have been produced and are in the hands of end users for evaluation.

INDUCTION PLASMA 'HARDWARE

We have been active in the development of induction plasma heating
systems for approximately 10 years. It is recalled that the induction plasma
generator, shown in Figure 7, uses an intense electromagnetic field to heat
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gases without hot €lectrodes. The basi¢ advantages of the system, from the
standpoint of heating solids and gases, include absolute freedom from
contamination, since no electrodes are used and all containing materials can
remain at water cooled temperatures. Second, the containing walls can be
constructed of almost any material, ranging from guartz to nickel, hence,
reactive gases can be handled with ease. Third, the device produces
relatively large arc diameters (6-12 inches at 1000 kW). These large diameters
result in velocities as low as 1-2 ft/sec and concomitantly long residence
time. The simple gas mixing system of the induction plasma holds many
advantages for performing chemical reactions. Moreover, performance has
been improved in several areas recently to make the system even more
attractive. A description of some of these improvements follows.

1. Power Density

Initially, plasma generators were constructed with quartz
walls. Water cooling of the quartz was then added. This wall
construction, however, was limited to power densities corres-
ponding to the containment of diatomic gases at a maximum
enthalpy of 7000 Btu/lb. Recently, segmented water cooled
metal walls of the type shown in Figure 8 have been developed
and operated at power levels up to 1000 kW. Diatomic gases
_at enthalpies of 40,000 Btu/lb. are successfully contained
within these structures.

More recently, permeable walls have been utilized.
This technique involves transpiration of a gas through the
containing wall of the induction-arc. This appears to have
two advantages; first, essentially eliminating the wall heat
loss to the device, which normally removes 20-30 percent
of the input power; and second, preventing build-up of
reactants and reaction products on the wall.

2. Pressure

Recently, torches have been operated at pressures in
the range of 1000 psi. Previous to this only 1-2 atm. oper-
ation had been demonstrated reliably. This development -
should widen applications in the chemical industry.
Reactions in which yields improve with increasing pressure,
such as nitrogen fixation™, may become economically
attractive.
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Figure 8. 6" Diameter Metal Wall Induction
Torch in Operation at Low Power
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3. Frequency

From the standpoint of power conversion economy, "
the ultimate in an induction chemical plant heater
would be direct 60 cycle heating of gas. This now
appears to be a possibility. During the past year,
frequencies have been reduced from the 4 MHz-400 KHz
range to 10 KHz. This has changed the power supply
from an electron tube device to a motor generator, with
consequent reduction in capital cost and simplified
maintenance. Tests are presently underway at 960 Hz
and a development program is underway to demonstrate
60 Hz heating during 1971.

r
CONCLUSION
In summary, advances made during the past two years have taken
processes to treat solids in plasma out of the laboratory and into the pilot
plant. Economically justified large scale commercial processes have been
designed and could be placed in operation with today's technology. In
_addition, recent improvements in plasma generating equipment and
technology promise to speed the advent of large scale industrial plasma
chemistry.
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! DEUTERIUM LABELING OF PRODUCTS FORMED DURING PLASMA PYROLYSIS OF COAL
. R. E. Gannon and V. J. Krukonis

‘ ' AVCO Corporation S/D
Lowell Industrial Park
Lowell, Massachusetts 01851

INTRODUCTION

Studies have shown that rapid high temperature pyrolysis of coal produces
gaseous products with acetylene as the predominent hydrocarbon species. (1-12) This
is consistent with thermodynamic data (13,14) which indicate that at reaction temper-
atures of 1500 to 2000°C acetylene 1s the most stable of hydrocarbon species. The
thermodynamic data also show that the stability of acetylene decreases below 1200°C;
3 consequently, in a pyrolytic process for the production of acetylene two distinct steps
must be considered, viz., a high temperature generation step and a quench step to in-
hibit acetylene decomposition.

During the Avco Arc Coal Program, sponsored by the Office of Coal Research,
a program whose goal 1s the development of a commercially feasible plasma process for
the conversion of coal to acetylene, it was observed that acetylene yields are greater
when plasma pyrolysis is carried out in a hydrogen atmosphere rather than in other
environments, e.g., helium, argon, or nitrogen. A comparison of acetylene yields for
coal pyrolysis carried out in hydrogen and in argon is shown in Figure 1. The data
show that yields in hydrogen are about twice those obtained in argon. Other experi-
ments showed that helium and nitrogen were no more effective than argon.

The improved acetylene yields in hydrogen can undoubtedly be related to the
two reaction paths by which acetylene is generated from coal. The first involves the
reaction of hydrogen contained in the coal and the second utilizes an external source
of hydrogen. The reactions are illustrated by the following equations:

| Coal (CH)n——-7 C 1, | (1)

C+ H,— CH, (2)

The reaction described by equation (1) has been reported by several authors (5-9) and
is illustrated by the data given in Figure 1 for the formation of acetylene in argon
which shows the carbon and hydrogen in coel can react to form acetylene. The second
reaction has been verified by injecting hydrogen-free char into a hydrogen plasme to
form acetylene, (9), and also by reacting carbon and hydrogen at high temperature (16).
. The pyrolysis of coal-in a hydrogen plasma, therefore, allows both reactions to con-

tribute to the formation of acetylene, whereas, pyrolysis in an argon or helium plasma
- allows only reaction (1) to occur. . i

During the investigation of the quench step of the process, it became evident
that hydrogen is also a more effective quench medium than is argon or helium. The
quench reaction is complicated by the uncertainties in the acetylene generation reaction
but uncertainties can be avoided, however, by separating the acetylene generation:from
acetylene quenching. For the investigation of the quenching reactions, known amounts of
acetylene were used to model the generation step and reaction and decomposition during .
quenching were studied separately. The experiments were performed at a reduced pres-
sure of 0.5 atmosphere, typical of the operating conditions of the AVCO Arc-Cosl Pro-
cess. Acetylene was metered into the arc plasma and inlet and exit geses were sampled
and analyzed in order to measure the decomposition of the acetylene that occurred during

i




56

3 T T N
8 14" [@ — ARGON ATMOSPHERE /V x ]
X 2l{x—#voroceEN aTmoseHeRE | x x| X
~N
T x X
U~ © 10— X / x -
- N
a 8 4
P x X
> 6 )fx b y ]
/ ® ) o ©
a 1/
[J o o
2 ®
15 20 25 30 35 40 45
POWER, kw
Figure 1 EFFECT OF ATMOSPHERE ON ACETYLENE YIELD
90 % % %
4 4 X
80
c X =~ HYDROGEN NCH
§ 10 JROGEN QUENC
3 ® — ARGON QUENCH
Q
©
=z
-4
= 60
=
w
[+ 4
o
b
o~
(& ]
50
| .
40
30 i
1.0 15 20 25 3.0 35

GAS ENPHALPY, kw/scfm

Figure 2 DECOMPOSITION OF ACETYLENE IN PLASMA PIPE REACTOR




57

. the quenching process. The results, given in Figure 2, show that in hydrogen only
about 12% of the acetylene is lost, whereas, in argon, decomposition was about 57%
Thus, at similar plasma enthalpy levels, the gross results show that hydrogen is a
more effective quench medium. .

Two reasons for the 1mproved results with the hydrogen quench can be postu-
lated, viz.,

a. Hydrégen is a more effective coolant and rapidly
_lowers the temperature of the reaction mixture pre-
venting excessive decamposition of acetylene.

b. Hydrogen dcts as a primary cheﬁical reactant .

Using deuterium as "tagged" hydrogen atoms, a series of experiments was performed to
elucidate the mechanism and to obtain a better understanding of the role of the hydro-
gen quench. For example, even though the data in Figure 2 showed that only i% CoHp
decomposed in H2, it could not be determined whether the molecules analyzed in the
effluent were the same molecules that were injected into the plasma, Deuterium was
injected into the plasma with acetylene and the exit gases were analyzed mass spectro-
metrically to determine if any exchange occurred between acetylene and deuterium., If
the role of the quench medium were strictly to prevent decamposition of CoH2 molecules
(as inferred by postulate a) there should be no exchange of the deuterium with acety-
lene and the product stream should be mainly CpHo, Hp, D2 {and perhaps HD ). 1If, on
the other hand, postulate b, involving a chemical reaction, represents the role of the
quench hydrogen (deuterium), then significant amounts of CoHD and/or 02D2 should be
identifiable in the product stream. :

RESULTS AND DISCUSSION

Initial deuterium plasma reactions were designed to study the acetylene de-
composition mechanism. A reactor, consisting of a 30 Kw, high temperature plasma gen-
erator, as shown in Figure 3, was used for the study. The generator could be operated
on either hydrogen or deuterium and acetylene was injected directly into the plasma
using elther a hydrogen or deuterium carrier gas.

For the initial tests of the series, the plasma generator was operated at a
reduced pressure of 0.5 atmosphere using deuterium as both the arc gas and as the
carrier gas to convey.given amounts of acetylene into the plasma. Gas flows were se-
lected to give a mixture with an acetylene concentration typical of the product stream
of the acetylene-coal reaction. Chromatographic analysis of the streams showed that
the original mixture contained T. l% acetylene which is representative of the T - 10%
concentrations obtained during coal pyrolysis tests. Analysis of the effluent showed
that 6.2% CoHo was present. The 13% loss of acetylene due to the deccamposition in
the deuterium plasma is consistent with previous data given in Figure 2 which shows
about 12% decomposition for acetylene in the hydrogen plasma.

Mass spectrometric analysis of the product stream showed that only 1. O% of
the acetylene present in the effluent (Q. 05% of the. gas mixture) was not deuterated.
Acetylene camposition data are given in Table I and show that the acetylene does not
remain molecular in the plasma, thus eliminating from further consideration Postulate a
which states that the hydrogen quench acts to "preserve" CpHo molecules formed from
coal by rapidly cooling the product stream. The data in Table I are also consistent
with thé data in Figure 2 which show for the range of power levels investigated that
decomposition is relatively insensitive to gas enthalpy.
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TABLE I
Measured Isotopic Composition of CoHp in Deuterium Plasma
N (Do - Arc Gas, Dp - Quench Gas)
Isotopie Measured Composition
Species 11.4 Kw 19.8 Kw
c 14,
CoH, _ 1.1 1.0
CHD 15.1% 15.7%
D, 83.5% 83.2%

Based on the observed results of the initial experiments,; that is, 1) that
essentlally all the original C2H2 exchanges with the deuterium and, 2) that about 87%
of the deuterated product 1s identified as acetylene, it is evident that the descrip-
tion of the reactions of acetylene with hydrogen in the plasma (Postulate b) must al-
low for the high temperature decamposition of acetylene followed by its interconver-
sion during the rapid cooling. A more complete description of the mechanism requires
a better definition of the species present in the plasma.

Previous workers, Steacie (15), Plooster and Reed (16), and Borisova and Ermin
(17), nave considered the formation and decomposition of acetylene and its intermed-
late species under different test conditions but all came to a similar conclusion,
viz., the most likely intermediste species at high temperature or other energetic con-
ditions would be the CoH radical. Their conclusions were generally based on consider-
ations of minimum energy requirements. In the decamposition of acetylene, five simple
carbonaceous species are possible: C, CH, CHp, Co , and CoH. In order to form C, CH
or CHp, the rupture of the triple acetylenic bond, requiring epproximately 24Q kecal,
is necessary. The formation of Cp requires the rupture of two C-H bonds, 150 kecal,
whereas the formation of CoH requires the rupture of a single C-H bond, about 100 kecal.
Other workers, Baddour and Iwasyk (18) and Baddour and Blanchet (19), studying the
carbon-hydrogen reactions at plasma temperatures have also shown by calculation that
CoH should be the prevalent species at temperatures between 2000 and 30000 K. Although
the decomposition of acetylene via a CoH intermediate followed by re-combination with
an H atom to re-form acetylene appears to be most likely from least energy considera-
tions, the C2H radical has not been isolated or experimentally identified by any of
the previous workers. On the other hand, traces of the Co radical which requires an

additional 50 kcal for its formation has been identified by Steacie (15)and by Borisova
and Ermin (17), : .

The CoH route has achieved among workers in plasma pyrolysis of hydrocarbons
a foremost position to describe and explaln yields of acetylene greater than those
predicted by equilibrium calculations. The following reaction can be written to de-
scribe the C2H route in the deuterium plasma experiments.

CH, + XSDQ'SEEEﬁg CH+ H+ XSDfESSEZEE’ C,HD + HD + xsD,, (3)

If equation (3) were a valia description of the reaction of acetylene in an arc plasma,
then C2HD should be the predominant acetylenic species present in the product stream.

The experiments were carried out using 4.95.SCFM of Do and 0.38 SCFM or CoHs.
Based upon statistical probability, the acetylene in the product stream should consist
of 3.T% CoHa and 96.1% CpHD.  The measured composition of 1.0% CpHp, 15.T% CoHD, and
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83.29 C2D2 shown in Table I was not consistent with equation (3) probability and it
must be concluded that the mechanisms as written for postulate b, is not valid. It
is also evident, because of the large amount of fully deuterated acetylene 83%, that
any mechanism that postulates a CoH radical as an incontravertable entity throughout
the lifetime of species in the plasma is not substantiate.

Because the Cp radical has been identified in some of thé‘high temperature
mixtures (15, 17), the contribution of this species should be considered as an inter-
mediate. 'rhe tollowing reaction describes such a mechanism:

+
Cofly + %Dy Timgmm Co ¥ 2H * st2 cooling C2P2 T CPH * Gy * Dy + HD + Ky (&)

Again, using the laws of statlstlcal probability, it can be shown that for an original
mixture of 4.95 SCFM Do and 0.38 SCFM CoHp a product stream of 86% CgDp, 13.2% CoDH,
and 0.5% CoH2 can be predicted, based on the reaction (4). .The predicted composition
is in excellent agreement with the measured composition given in Table I, and conse- .
quently indicates that the postulated C, mechanism 1s an adequate model for predicting
the product mix for the decomposition and reformation of acetylene in a plasma. In
reconciling these results with the CoH mechanism suggested by the previous authors
(15, 16, 17), it must be recognized that, although the data precludes the existence

of a CoH entity that retains its identity throughout the decomposition and re-formation
of acetylene, it does not preclude the existance of a C2H radical that is able to ex-
perience multiple exchanges as indicated by Reaction (5), viz.,

+ D .
2

C,Hi + D, ——> C,DH —_> C,D, (5)
Table IT summerizes the experimental results given in Table I and compares the datae
to those calculated on the basis of a mechanism that assumes: 1) a stable CoHp molecule,
i.e., the CoHp mechanism, 2) a CoH intermediate, and 3) a Co intermediate species. The
excellent agreement between the experimental results and those predicted by the Co
mechanism are obvious.

TABLE IT

Isotopic Composition of Acetylene in Deuterium Plasma

. (Do - Arc Gas, Dy - Quench Gas)

Species Measured Composition Predicted Composition
Uk ww 20.6 kw CoHp mech. CoH mech. Cp mech.
CH, 1.1 1.0 100% 3.Th 0.5
C,HD 15.1 15.7 - 96.3% 13.2
CPs 83.5 83.2 e ———- 86.0

The Co mechanism and the associated statistics were applied to subsequent
tests in an effort to understand the roles of the various gas streams and their inter-
actions with the coal feed. To distinguish between the roles of the arc. gas and the
quench stream, deuterinm was used as the arc gas and hydrogen was used as the guench
gas. The results of these tests are shown in Table III. An additional column, (the
measured value minus the predicted value) has been added to indicate discrepancies
from the predictions based on purely random selectivity (and equal reactivity) of
the separate streams.
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TABLE IIT

Isotopic Composition of Acetylene

(D2 - Arc Gas, H_ - Quench Gas)

2
Predicted
Species - Measured Composition Composition - Measured -Predicted
‘ .1 kv 20.5 kw 14,1 kv 20.5. kw
CH, 21.4% 18.5% 29.2% -T.0% ~10.7
CHD 47.5 - k6.5 K96 -2.1 <3.1
ch, 31.0 35.0 21.2 +9.8 +13.8

The data indicate that the exchange is not purely statistical but instead that the
acetylene exchanges with the higher enthalpy deuterium which has passed through the
arc. The preference is obvious since the arc gas is hotter and more ionized then

is the .quench. If the explanation is valid, it should be possible to verify the pref-
erence of acetylene to exchange with gas which has passed through the arc by reversing
the gas streams and using hydrogen as the arc gas and deuterium as the quench. Results
of such tests are given in Table IV.

TABLE IV

Isotopic Composition of Acetylene

‘(H2 - Arc Gas, D, - Quench Gas)

2
: Predicted ]
Species Measured Composition Composition Measured =Predicted
15.7 kw 2L kw - 15.7 kw 21 kw
C H, 38.0 W37 30.2 +7.8 +10.5
C_HD bs.7 . k5.6 kg.6 -3.9 -k.0
02D2 16,0 13.7 20.2 -4.2 -6.5

Again, consistent with the previous tests, it is seen that the arc gas is more reactive
than the carrier gas, and it is also consistent that in each test the arc gas appears
to be more reactive at higher power levels, o

In order to investigate the combined or simultaneous reactions of acetylene
generation and quench reactions during coal pyrolysis, deuterium was used as a carrier .
gas to conduct coal into a deuterium plasma. Although deuterium was the only gas in-
troduced into the reactor, it was necessary to consider the amount of hydrogen which
was liberated from the coal in applying the statistical analysis. With a Pittsburgh.

"Seam Coal with a 5% hydrogen content and 160 g/min feed, a maximum of 3.2k SCFM of Hp
was introduced into the arc reactor. The measured distribution of the deuterated
acetylenic species at several power levels is given in Table V and the data are com-
pared with the predicted distribution based on Cp statistics.
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TABLE V

Isotopic Composition of Acetylene Generated During Coal Pyrolysis

(D2 - Arc Gas, D, - Quench Gas, 0.5 Atm)

Species Measured Camposition ‘Predicted Composition

10.5 kw 13.6 kw 16.0 kw {100% Utilization of H, in Coal
C 3.64 3.86 5.1% 0.8
C HD 25.0 7.5 31.6 ' bl ,2
D, 71.3 68.8 63.2 b5.0

. The discrepancy between the measured and predicted values is probably caused
by the assumption in the calculations that 100% of the hydrogen in the coal is liber-
ated for acetylene generation. Chemical analyses have shown that appreciable amounts
of hydrogen still remain in the char. Recalculating the predicted distribution based
on a fractional avallability of hydrogen from the coal results in more gquantitative
agreement with the measured values as shown in Table VI.

TABLE VI

Comparison of Measured and Predicted Isotopic Distribution of Acetylene
Generated During Coal Pyrolysis

(D2 - Arc Gas, D, - Quench Gas, 0.5 Atm.)

Spéc:Les Measured Composition Calculated Dist. Based on Available H@
10.8 kv 13.6 kw 16.kw  30% B2 35% I

¢ 8, 3.6 3.8 5.1 1.6 2.2 2.7 3.4 L0
C 25.0 27.5 - 31.6 22,6 25.4 27.6  30.0  32.0
c0, 71.3°  -68.8 63.2 75.6 . 72.8 69.7 66.5 64.0

By comparing the measured distribution with the célculate‘d values, it appears that at
10.8 kw about 35% of the hydrogen in the coml is available for acetylene formation,
at 13.6 kw the value increases to about LO%, and at 16 kw it increasés to 50% level.

The role of the quench medium in the prowtype reactor for the AVCO Arc-Coal
Process was then investigated. The prototype reactor, shown in Figure b4, basically
consists of a solid cylindrical graphite cathode, 5/8" in diameter and an annular graph-
ite anode with a 1-12—* I.D. Pulverized coal is injected directly lato the plasms as
shown in the figure and quenching is accamplished by injecting hydrogen about 3" below
the anode. The arc operates at power levels between 80 and 120 kw. Magnetic field
colls around the anode induce a high speed rotation to the arc which increases the -ef-
fectiveness of contact between the pulverized coal and the high temperature environ-
ment, and also serves to stabilize the arc.

In these tests the arc gas and coal-carrier gas was hydrogen but deuterium

was used as the quench gas so that the role of the quench could be studied. The re-
sulting distribution of the acetylenic species 1s given in Table VII as well as &
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celculated distribution based on test parameters, viz., 11.5 SCFM arc gas, 5-? SCFM
coalcarrier gas, 3.24 SCFM of Hp contained in the coal and 10.6 SCFM deuterium
quench gas. The 3.24 SCFM of Hp from the coal is based on 100% availebility of the
. in the coal. This estimatc is undoubtedly high and €0 to T0% is probably more
realistic, but in this test in which 17.3 SCFM and H, were passed through the arc
any small error in the amount of the Hp liberated from the coal would have a negli-
gible effect on the calculation.

TABLE VII
Coal Conversion to Acetylene in Prototype Reactor with Deuterium Quench T
Measured Calculated Measured
Species Distribution Distribution Calculated
CH, 55% 43.5% +11.5
CHD 38.8 k.8 - 6.0
D, 6.6 11.6 - 5.0

This experiment was similar to a previous experiment (Table V) in that hydrogen was
used as the arc gas and deuterium was added downstream. The differences between the
measured and calculated values again indicate the higher reactivity of the arc gas.
Nonetheless, it is to be noted that the quench gas was identified in 45% of the
acetylene product. If the guench gas had been argon or other relatively inert gas,
no viable compound would have been formed in these reactions and the high temperature
acetylene species,,C, and Col, would have decayed to carbon. Similarly, consecutive
exchange reactions could not occur with inert gas present.

CONCLUSIONS

Conclusions about the decomposition of acetylene in a hydrogen atmosphere

that can be drawn fram the series of deuterium plasma reactions can be summarized as
follows:

1. Reaction mechanisms which require undisassociated CpoHo or a Coll
entity cannot be substantiated.

2. Calculations which utilize a route involving a C, intermediate
‘can be used to predict the product distribution.

3. At low gas enthalpy levels, only a small percentage of the hydro-
gen in the coal takes part in acetylene formation. As power
is_increased, more hydrogen is liberated from the coal for acet-
¥Ylene formation. : i

L. Although the results show that the arc gas is more reactive
than the quench gas, they also show that the quench reacts
chemically in preserving acetylene. For this reason, the use
of a hydrogen quench is important in obtaining high acetylene
yields. .
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 PROBE DIAGNOSTICS OF
HIGH - TEMPERATURE GASES

Jerry Grey

Greyrad Corporation
Princeton, New Jersey

INTRODUCTION

Cooled probes have been developed as a direct result of the
need to measure gas properties at high temperatures or in cor- -
rosive environments. Originally developed for "exotic" gas en-
vironments at temperatures so high as to entirely preclude the
use of more conventional methods, (e.g., arcjets, rocket engines,
hyperthermal wind tunnels), cooled probe techniques have only
recently been applied to the more moderate temperatures encoun-
tered in industrial furnaces, thermal cracking columns, incinera-
tors, nuclear power reactors, metal smelting and refining furnaces,
etc.

The most frequently used cooled-probe method is the calorimet-
ric principle, for the measurement of gas enthalpy (and thereby
the gas temperature, in most industrial applications). Specific
benefits of this method are as follows: ‘ -

(a) Maximum probe material temperature may be maintained
only a few degrees higher than that of the coolant, thereby pro-
viding long life in high-temperature or corrosive gas environments.
This feature can be contrasted with thermocouples, resistance
thermometers, or even fluidic oscillators, which by their very
nature must operate at the temperature of the gas to be measured.

(b) The cooled calorimetric probe functions solely as a
mechanical ‘structure; that is, it can be fabricated from materials
which are fully compatible with the environment, since' it requires
no special electrical properties as do thermocouples or resistance
thermometers. Further, even if some material deterioration does
occur, the probe's operation is' totally unaffected, as compared
with the other devices, which immediately begin to suffer varia-
tions in electrical output.

(¢) Effects on probe output signal due to contamination
by. particulate matter, condensibles, etc., which may erode or
coat the probe, are generally negligible or can be eliminated
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by either relatively simple coolant flow management or periodic
cleaning of the probe's internal passage in situ, with access
from the outside.

(d) Since the output sensors are located remotely from the
probe tip, they can be serviced or replaced without removing the
probe itself from the measurement region. This feature is partic-
ularly important in nuclear reactor core measurements or in any
other application where instrumentation replacement would other-
wise require a plant shutdown.

(e) For environments which are so severe as to have been
formerly inaccessible to all but remote temperature measurement
{e.g., optical pyrometers), the cooled immersion probe provides
a degree of accuracy and multiplicity of measurement far beyond
that attainable with non-local viewing devices of comparable cost
and complexity.

(f) In many applications, the direct probe output signal
can be made proportional to either gas enthalpy (temperature) or
total power (product of enthalpy or temperature and mass flow
rate). )

Disadvantages of the cooled calorimetric probe as compared
with more conventional immersion devices (e.g.,thermocouples or
resistance thermometers) are high first cost and the requirement
for a coolant supply. It can, however, be argued that the higher
first cost of a cooled probe installation is more than compen- -

sated by its greater lifetime and higher reliability, both of which

sharply reduce plant shutdown time or failures due to deteriora-
tion or loss of control function. Also, in most industrial appli-
cations, readily-available shop air supplies or city water pro-
‘vide adequate probe coolant capability.

The present paper provides a review of cooled calorimetric
probe principles and applications, and mentions several other
cooled-probe diagnostic technigues applicable to industrial envir-
onments. :

THE COOLED CALORIMETRIC PROBE

The basic principle of the calorimetric probe is as follows:
a small sample of the gas to be measured is allowed to flow con-
tinuously through a hollow-walled tube. The tube walls are
cooled by either a gas (e.g., air, nitrogen, hydrogen, helium,
etc.) or a liquid (e.g., water, hydraulic  fluid, ethylene glycol,
etc.). By measuring the heat given up to the coolant by the hot

f!
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gas sample, therefore, one can determine directly what its enthalpy
was before it was cooled.

The simplest form of this device (Ref. 1) is the so-called
"tare-measurement” probe (Figure 1), in which the coolant serves
not only as the calorimetric fluid, but also to cool the probe
exterior. 1In this case two measurements are required: first the
total coolant energy is measured (coolant flow multiplied by
its temperature rise); then the gas sample flow is shut off by a
valve and the coolant energy is measured again (the "tare" meas-
urement). The difference between the two coolant energy meas-
urements is then the enthalpy given up by the gas sample:

ﬁig = (W cpe ATc) £ - (we cpe ATc) nf + cp2g T2g
Vg
where
We = coolant flow rate (lb/sec)
Cpe = coolant specific heat, (Btu/1b-°F)
A Tc = coolant temperature rise, (°F)
Wy - = gas sample flow rate, (lb/sec)
Cp2g = cooled gas sample constant-pressure specific
heat at probe exit, (Btu/1b-°F) ‘
T2g = cooled gas sample temperature at probe exit, (°F)
0Of " indicates gas sample flowing
Ong indicates gas sample flow shut off

The principal purpose in utilizing this type of probe is
that its simplicity of design permits the use of Very small over-
‘all diameters (as small as 1/32"), and also provides effective
cooling in extremely high heat-flux environments. It is partic-
ularly useful where the operating conditions are such that the
tare or calibration measurement need only be made periodically
(e.g., once per hour or per day), i.e., wherever temperature,
flow, and pressure conditions 4o not vary over wide ranges. Under
these conditions, the tare-measurement probe becomes a useful,
practical, continuous-output instrument.

Note that in order to provide proper duplication of heat
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flux to the exterior of the probe between the "tare" and"non-
tare" measurements, it is necessary that the gas sample flow

rate be sufficiently small so as not to disturb the general .
flow pattern at the probe tip. When the product of gas pressure
and enthalpy drops so low that this requirement conflicts with
the requirement for adequate sensitivity (i.e., difference in
coolant temperature rise between the tare and non-tare measure-
ments), this class of probe has reached its limit of usefulness.

In this event, and for lower heat-flux conditions in gen-
eral, the fully-isolated non-tare-measurement probe of Figure 2

is recommended (Ref. 2). Here the calorimetric portion of the
probe is isolated from the cooling jacket by an air gap (this
may, obviously, also be vacuum or another gas). The enthalpy

measurement is then obtained directly, without the necessity
for a tare measurement, as follows:

- (We cpc ATo)
Wg

where now subscript (); indicates the inner calorimetric jacket,
and all other notation is indicated below the previous equation.

The only conditions on the use of the non-tare-measurement
probe are

(a) No heat transfer occurs between the inner and outer
jackets of Figure 2.

(b) All of the gas which is aspirated is cooled by the
inner jacket, and none of it is cooled by the outer
jacket.

The first of these conditions is accomplished by designing
the probe geometries and relative coolant flow rates through the
two jackets so that wall temperatures at opposing points all
along the air gap will be as nearly equal as possible, thus mini-
mizing interjacket heat transfer. The second condition is
‘achieved either by proper adjustment of the aspirated gas sample
flow rate (i.e., locating the flow stagnation point at the
insulation-gap entrance), or, in Configuration A of Figure 2,
by correcting for the small amount of heat transfer to the exposed
portion of the calorimeter.

In either of these probe designs, if the cooled gas sample
temperature Tog is either (a) very nearly egual to the calorim-
etric coolant exit temperature; (i.e., the probe length/diameter
ratio is sufficiently large), or {b) very nearly constant, or
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FIGURE 2

,CONTINUOUS~FLOW JACKETED CALORIMETRIC PROBE
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(c) very low compared with the "unknown" hot gas temperature,
the measurement of T2g can be eliminated. Also, for long-term
monitoring purposes, the coolant flow rate can be controlled to
a preset value, so it need not be measured, and the cooled gas
sample flow can be extracted through a choked orifice so that
its flow rate will be directly proportional to the gas pressure
at the orifice inlet (its temperature is already known). The
only auxiliary requirements under these conditions, therefore,
are a constant-mass-flow source of coolant and récorders for
one pressure and either the coolant temperature rise or the
inlet and outlet coolant temperatures (measured by thermocouples,
resistance thermometers, or thermistors).

Note also that both probe designs permit measurement of
impact pressure (intermittently in the tare probe; continuously
in the jacketed probe, via the insulating gap) and extraction
of gas samples for composition measurement or monitoring. Either
probe can be bent at angles up to 90°, and all instruments, fit-
tings for coolant flow, etc. are mounted in a series of modular
terminator blocks at the probe base (see Fig. 3).

It is of particular interest to note that if the probe L/D
is sufficient, there will be virtually no effect on probe out-
put due to even extensive contamination by combustion or corrosion

products. In fact, if T4 is monitored, ng amount of contam-
ination or corrosion can affect the probe output, up to the
point of physical failure of the probe structure. (The gas sam-

ple passage can be cleaned periodically from the outside, if
necessary, without removing the probe, by simply removing the
discharge orifice fitting and inserting a pipe cleaner or scraper
through the gas sample tube ~- see Fig. 3.)

This type of probe has been employed extensively for enthalpy
and temperature measurements in arcjet environments (e.g., see
Refs. 3,4,5,6,etc.). An indication of the calorimetric probe's
repeatability is shown in the turbulent-flow profile measurements
of Figure 4 (from Ref. 7); Figure 5 shows the accuracy obtained
with even the relatively crude tare-measurement probe (Ref. 3).

One particularly useful application of the calorimetric
probe principle is in the control of a Brayton power cycle:; e.g.,
the gas turbine engine. It can be shown (Ref. 8) that if the
probe is located at the inlet to the turbine (the combustion
chamber exit) and is cooled by compressor discharge gas, the
calorimetric jacket temperature rise is almost directly propor-
tional to the turbine inlet temperature; i.e., no flow measure-—
ments are required:
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Te, ¥ k1 + k2 (ATj)

where T, = total temperature at turbine inlet, °R

kl' k, are approximately constant

AT; = temperature rise of the coolant in the calori-
metric jacket, °F

On the other hand, if the probe is cooled by a constant-
flow, constant-temperature coolant socurce (e.g., hydraulic
fluid, fuel, compressed air, water, etc.), it can be shown
(Ref. 8) that the calorimetric coolant temperature rise is directly
proportional to the product of engine mass flow rate and turbine
inlet temperature; i.e., to total engine power:

Wa Te, = k3 +kg (ATy)

where Wy = engine air mass flow rate
k3., k4 are approximately constant

OTHER COOLED-PROBE MEASUREMENTS

The concept of utilizing cooled immersion surfaces has been
applied to such diverse hot-gas property measurements as electron
temperature and density in plasmas (Ref. 9), scale of turbulence
{Ref. 10), degree of nonequilibrium (Ref. 11), radiation inten-
sity (Ref. 12), transient pressure oscillations (Ref. 13), heat
flux (Refs. 14, 15), velocity (Ref. 16), temperature (Ref. 17),
and, of course, the pressure and gas sampling functions already
discussed. 1In fact, single probes with multiple functions can
often minimize the total instrumentation requirement. Figure 6,
for example, shows a multipurpose probe used for diagnostics of
a sonic-velocity RF-generated plasma, with simultaneous measure-
ment capability for enthalpy, electron temperature and density,.
‘impact pressure, static pressure, and gas-sample extraction.

In many industrial applications where multiple measurements are
required, but where either access is difficult or lifetime is

a problem, the use of a single cooled probe to perform many
functions can often be highly effective.
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LARGE A.C. ARC HEATER...DESIGN, PERFORMANCE AND ECONOMICS

Authors: M. G. Fev, Westinghouse Electric Cornoration, Arc Heater Fngineering,
11L15, Fast Pittsburgh, Pa., 15112 '

C. Hirayama, Westinghouse Electric Cornoration,.R&D Céntet,
Churchill Boro, Pittshurgh 35, Pa. 15235

After chemical performance has been demonstrated, a plasma
generation device must meet several other requirements hefore it can be
considered for an industrial process. Thege include: 1) stable, long-time
operation on chemical feedstocks, 2) simple, rugged design, 3) minimum downtime
and, 4) low capital cost.

An industrial arc heater is described in which the chemical
feedstock is passed through a magnetically rotated arc discharge. A unique
self-stabilizing feature permits multi-megawatt operation on line-frequency
alternating current, Spurious arc extinctions are completelv eliminated. A
secondary feedstock, which may be a particulated solid, can he admitted
axially through the arc discharge. Heat transfer between the arc and the
feedstock and turbulent mixing of the reactants are exhanced bv high speed
arc rotation and a.c. power pulsations. Thermal efficiencv and effluent
enthalpy are given as functions of feedstock flow for several arc power levels.

A strong emphasis has been placed on mechanical simplicity resulting
in the capability to effect fast maintenence of low cost electrodes. Capital
cost 1s shown to be much lower than other tvpes of plasma generation equipment
for large installations because no rectification or frequencv conversion eauip-
ment 1s needed. Operating costs, including amortization of capital investment,
are given for several operating conditions. : '
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Oxidation of Carbon in Porous Solids

C. Y. Wen and S. C. Wang

Dept. of Chemical Engineering, West Virginia University
Morgantown, West Virginia

Noncatalytic solid-gas reaction systems are of great industrial importance and
are found in daily use in chemical and metallurgical industries. Important examples
are combustion of carbonaceous matters and regeneration of carbon-deposited catalysts
by oxidation in air. '

Weisz and Goodwin (7) observed, in the regeneration of catalysts at temperatures
below 450°C, that the carbon burn-off is uniform (or "homogeneous") throughout the
catalyst. At temperatures above 600°C, however, the burn-off is of "shell-progres=
sive" or "unreacted-core-shrinking" type, as shown schematically in Figure 1.

Theoretical investigations have been undertaken previously to study the effect
of heat and mass transfer processes on the overall rate of a noncatalytic solid-
gas reaction occurring in a single solid pellet (4, 5, 8, 9). Phenomenological,
rather than mechanistic, approach was adopted in analyzing these complex processes
so that the effect of individual processes on the overall rate could be identified.
The applicability and limitation of the "unreacted-core-shrinking" and ''homogeneous"
models were also presented, and the interrelationship between the two models was
discussed. The concept of "effectiveness factor" frequently used in the studies of
catalysis was extended to noncatalytic solid-gas reaction systems.

The purpose of the present experimental work is to verify the theoretical pre-
diction of theexistences of geometrical and thermal instabilities and the transition
of the rate-controlling steps (ignition or extinction), which occur in a single
particle-gas reaction describable by the unteacted-core-shrinking model.

Consider the simple case of solid-gas reaction taking place on the unreacted
‘core surface:

aA(gas) + S(solid) ==—b~ Gas and/or Solid Product (1)
The rate of reaction for gas component A, r

and for solid reactant S, rg» can
be represented as

A)
r, =arg=-akg ¢t ¢l
The above simplified rate equation will be used in view of the difficulty in obtain-
ing a correct mechanism. As long as the rate equations fit the experimental data
satisfactorily, the simple rate equations will provide an adequate analysis of
overall characteristics of the reaction system provided no extrapolation beyond

the range investigated is allowed.

Based on the unreacted-core-shrinking model as shown in Figure 1, and a constant
particle size during an irreversible chemical reaction, a pseudo-steady-state
material balance for the reactant component A within the inert solid product layer of
the particle can be written as:

V*(CD, %) =(1/r2) (2/ar) (x? Dy, VxX,/2T) =0, re<r<R

If the ideal-gas law. holds for the gaseous phase, i.e., C = P/RT, then at a
constant total pressure P, Co1/T. The effective diffusivity, Dop» may be considered
to be proportional to T1-2~ in the molecular diffusion regime, and to 70-5 in the
Knudgsen diffusion regime. For convenience, D,y may be taken to be roughly proportional
to T--Y considering the possibility of both types of diffusion through the porous
product layer. Therefore, the product CDeA becomes proportional to T, that is
temperature independent. It should be noted, however, that C or Doa itself alone
is affected by temperature variation. With these simplifications, the last equation
now becomes .2 '

A+2 “"a=0 r.<r<R ' (2)
r

The boundary conditions for Equation (2) are
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dxA 4
= R: d = -
r=R; (CD_)y dr (kg Gy = %5g) (3
o] r=R o]
dx
r=r1 ; (CD_,) m .0 4
c eA T, aks(TC) CSo Cac (€)) )
r=r. .
dxp dr
=g _(CDeA . = aCg, di (5
r=r,

where the subscripts T and T_ indicate the quantity to be evaluated at temperatures
of bulk gas and reaction interface, respectively. The initial condition is

t=0;r =R (6)

For a particle with uniform distribution of solid reactant, the.solid concentration,
CSo’ can be considered a constant at the surface of reaction, and therefore the
reaction rate considered here is of the n-th order with respect to the concentratlon 1
of gas component A.

Although equimolar counter-diffusion is assumed in deriving Equation (2), the
application may be extended to non—equimolar cases when there is no significant
volume change of gas or when concentrations of reactant and product gases are very
dilute.

The heat balance in the ash layer is given by

2T _Ke, /221, 2ot r <r<Rr ™
2t C 2 T3 ¢
Pe *2or Y

The boundary conditions are

r=R; =k, 2T =h (T ~T ) + h (T 4) (8)
W
Y
r=R
- . 2 m _n 2 T _4_.3 dT .

r=r_; 4nrcaks(Tc)CSOCAc( AH)+4Hrcke. 35 SJTrcf%Cpc di )]

r=r

The initial condition is ¢
t=0;T-= Tc = Ti . (10)

In Equation (9), it is assumed that the temperature within the unreacted core is
uniform at T . The temperature dependency of the reaction rate constant is
assumed to be of Arrhenius' type:
= o -
ks(Tc) ko exp(-E/RT ) v 11
The effectiveness factor is defined as (4,5)

= Actual (overall) reaction rate
Ms ~ - - - -
Reaction rate obtainable when the reaction site is exposed
to the gas concentration and temperature of the bulk gas phase

Thus, 1

4 lak Ca Ch. k cn n

Ms = ;: s(1.)%so :c = ') "Ac =(\;_g) exp[m (1- 1)] 2)
m n

lm'rcaks(To)CSoCAo kS (TO)CAO c c .

or, by Equations (4) and (5),
M = - Gf¢c
a0
Equation (13) is true for all cascs including those under isothermal situations.
Equations (2) through (10) are to be solved simultancously by a numer1ca]

method. However, even for the Slmpleqf cases of pure heat transfer w1th moving

(13)
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boundary, numerical methods are generally difficult and complicated. Therefore,
some simplifying assumption seems warranted if there is no great sacrifice in
accuracy in. the final results,
Equation (7). However, such a pseudo-steady-state assumption could lead to errors
as well as unreasonable instantaneous temperature. changes (5,8,9). These situations
can be compensated for by introducing a simple energy accumulation term into the
heat balance equation for-the ash layer. For this purpose, the. temperature distri-
bution in the ash layer can be approximated at all times by a steady state profile

):

This can be accomplished by assuming ?T/3t = 0 in

T=Tc+(Ts—Tc)(.;—£..-é-)/(;:-_]T)‘ o - 14)

The accumulation of energy in ash layer is

acc, =

Te

2T. d.R -dr. ‘
4ncper %E_dr = 4WCpe (EEI 2 T dr +rZT d:) - 15)

c .
The integral in thelast equation can now be evaluated using Equation (14) The
accumulation in the ash layer can also be expressed as

acc. = — 4ﬂr k_ 2T
c e
°r

+ 41TR2k 2T 16)
Br

I=r

[4

The heat flux terms in Eqdation (16) can be obtained'ffom Equations (3) and 9).

2 sy )© ) So Ac(“AH) E'

k. N

(R/ 3) Coe

Upon equating Equations (15) and (16) and simplifying, we obtain

3
IhCZ(Ts-To) + hR(Tsl—'r‘w)]‘-(Rﬂ)(fc pe cpe> s, S_T_ +

2364607
T +(T -T,) . ctbe o
[ T ] | an

With some additional mathematical manlpulations, we obtain a fipal set of
equations, Equations (17) through (23), which replace Equations (2) through (10).

e-o0; g, =1 o (18)
o =0 u=u, | a9
Ve = Wy +Ng (1-1/ ;c)(l-ws) ' ' (20)
N, (1) y " ' . :
Mo () exp[ERTHA-1/U)] = (21)
¢sgc (U )‘ . ° - s
W I .
Sn 8 o dgo ., (22)
Ps g a6 '
U, = U+ el g 1O WD) + Oy >R<ug - udy) (23)

Equations (17) through (23) are a set of algebraic and ordinary differential
equations, which can be solved easily by a numerical method. °

When complete steady-state {s assumed, theré is no energy accumulation in the
ash layer (A .= 0) and in the unreacted core (G = 0). In this case it can be
shown that Equatioms (17) through (23) reduce to . )

s

: . : b_yiby
o g WD) + (i) (Ug-Uh

24)

5 (E/ 2
B, (E/RT) ‘£



8k

and
1 4.1 -1 Yn
| Ny g -
! 1;' 1 ¢ Y 1
Y _ “ERTYA | . exp (EAﬂTo)Qr __u_i_____——.> (25)
ﬁc}iS(JE_)gZ Us—(l— 1 ) LY : Us'( - -—EL)‘l
QTO e Ec . <
vhere Y= @) WD)+ ) et
Nu' ¢ .S ) Nu R .8 W
Existence of three roots for U_ at a fixed is possible for equation (25).

Figures 2 and 3 show the piots of effectiveness factor vs. fractional solid
reactant conversion, and compare unsteady-state heat transfer analysis to that of
pseudo-steady-state. The solid lines in these figures are unsteady-state sclutions j
of Equations (17)~(23) obtained by numerical method. The dashed and dotted lines
represent stable and metastable solutions, respectively, of Equations (24) and (25)
for the pseudo-steady-state case (A = 0, G = 0). Multiple solutions for N are
possible for Eguations (24) and (25) at a fixed X, as shown. s )

Figure 2 indicates a case in which the pseudo-steady-state analysis could lead
to an erroneous conclusion. The chemical-reaction-controlling region would have
never been realized if the pseudo-steady-state analysis had been used. The unsteady-
state analysis on the other hand shows that chemical reaction could be rate-control-
ling when the initial temperature of the particle is sufficiently low (U, = 0.90).
Figure 3 depicts the effect of heat capacity of unreacted core and heat of reaction

on the thermal instability. The occurrence of thermal instability is less likely ‘

when the heat capacity is high. -
Figure 4 illustrates an example of experimental result, which is computed based

on the unreacted-core-shrinking model. The corresponding solutions obtained from 4

Equations (17)-(23) (solid line) and from Equations (24) and (25) (dashed and dotted
lines) are also shown in the figure for comparison.” The experiment was performed

in a thermobalance by burning a single solid sphere in a stream of heated air. The

solid pellet was prepared by mixing a desired proportion of activated charcoal

with aluminum oxide that serves as an inert porous medium. Waterglass (sodium

silicate) diluted with a proper amount of water was used as a binder in forming

the pellets. The particle was heated at 700°C in an inert atmosphere prior to the
combustion test to remove moisture and to insure no weight loss owing to inert

so0lid during the test. "Extinction'" occurred at about 85 percent of solid conversion. ~
The unsteady-state heat transfer analysis (solid line) describes more closely the
experimental result than the pseudo-steady-state (dashed line) at the initial

stage -and during the transition from diffusion- to chemical-reaction-controlled
regime.  The values of effective diffusivity (6) and effective thermal conductivity
(3) are estimated based on empirical correlations. The activation energy and
surface rate constant are calculated from a correlation obtained by Field, et.al
(2) based on data of various investigators. 'In view of the wide variety of data
reported in the literature for the oxidation of carbon, these values are believed
to be good estimates for this purpose. The point to be emphasized here is that it
is possible to predict the approximate reaction path of a solid-gas reaction from
the estimated values of physical and chemical properties.

In general, it was found that most of the characteristic behavior from
theoretical predictions are verifiable by the experimental observation. The
phenomena of geometrical and thermal instabilities of reacting solid are. experimen-
tally verified. The reaction path is easily followed by plotting the effectiveness
factor (or rate per unit area of reaction interface).versus solid conversion.
Ignition and extinction are also observed under certain conditions agreeing, at
least qualitatively, with the theory. '

NOTATIONS

a stoichiometric coefficient

cC D Cc_../aC_ k
Ao eA(1,) P& So®
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total concentration of gases, mole/L3

concentration of species A, C at unreacted~core surface, CAo in bulk
gas phase, CAs at outer surfacé of particle, mole/L

concentration of solid reactant§, Cg, initial concentration, mole/L3
heat capacityof unreacted core, H/MT

volumetric heat capacity of ash layer, H/L3T

effective diffusivity of gaseous component A in ash layer,'Lz/B
activation energy of reaction rate constant, H/mole

f%CpCTO/aCSO(—ZSH), ratio of enthalpy of unreacted core to heat of reaction

convective heat transfer coefficient, H/LZG T

radiational heat transfe; coefficient, H/L29T4

heat of reaction per mole of gaseous reactant, H/mole
effective thermal conductivity of ash layer, H/LO T

mass transfer coefficient of component A across gas film, L/€ -

surface-reaction rate constant based on solid reactant, _3(mtn)-2/p,jemtn-1g

frequency factor for rate constant, L3{(mtn)-2/molemtn-lg

order of reaction for solid reactant '

order of reaction for gaseous reactant

RhC/ke, modified Nusselt number for convective heat transfer
RhRTg/ke, modified Nusselt number for radiational heat transfer
particle Reynolds number

kaA(To)/DeA(To)’ modified Sherwood number

total pressure, F/L

distance from center of sphere, L
radius of unreacted core, L

surface reaction rates of gasecus reactant A and solid reactant §,
respectively, mole/L2g .

particle radius, L

gas constant, H/mole.T
time, 8
temperature, T, at unreacted-core surface, T; initial temperature of

particle, T at bulk gas phase, Ts at outer surface of particle, Tw at
reactor wall, T

T/T°
TC/T0
T,/T,
TS/To
Tw/T0
xA/on’ We = xAc/on’ Wy = xAs/on

mole fraction of component A, x at unreacted-core surface, Xp0 in bulk

© gas -phase, Xpo at outer surface of particle

1- 23, fractional conversion of solid reactant.$
c .

CAoDeA(TO) (-AH)R /keE

porosity of ash layer

S

= e Nda

P,
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effectiveness factor
S(T )CA cm‘ t/R

r/R

rC/R
" density of unreacted core, M/L3

aRk c /D

s(T ) A eA(T )
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Mass Spectrometric Volatilization Studies .of Oil‘Shéle
S. J. Steck, D. W. Muenow, and J. L. Margrave

Department of Chemistry
Rice University
Houston, Texas 77001

) Utilization of oil shale as a fuel is a two-fold problem for high temperature
chemistry:: controlled pyrolysis of organic material, and high temperature
sublimation-decomposition reactions of inorganic residues. Because shale d1ffers
from petroleum, in that nature's decomposition of the organic matter "kerogen' is
incomplete, a vast technology of the condltlons!r“,(e g., pressure, steam, air, and
temperature) for the destructive distillation of kerogen has evolved. Realization
of the disposal problem associated with the inorganic residues has also been the
impetus for numerable technical studies!s" concerned with the effective use of
inorganic silicates, carbonates, sulfates, phosphides, etc. found to be present in
the shale.

High temperature mass spectrometry has been effectively used for both hydro-
carbon studies®*® and numerous inorganic vaporization studles.7 ? While the
technique provides direct detection without condensation or possible intermediate
reactions of the volatilized species, it is usually limited by the medium mass
resolution of the spectrometers and complex introduced mixtures which do not
permit unambiguous identification of specific hydrocarbons present. Nevertheless,
qualitative and semi-quantitative estimates regarding the types of organic compounds
evolved can be made because various functional §rou?s of organic compounds lead to
characteristic common jons in the mass spectra. This technique has recently
been applied to a similar problem of compounds found to be present in gredominantly
inorganic materials such as tektites, meteorites and natural glasses.1

Experimental

Samples (approx. 0.1 g) of Colorado oil shale were vaporized from tantalum
Knudsen cells (with boron nitride and high purity alumina crucible 11ners) into
both a Bendix, model 14-206A, time-of-flight mass spectrometer and a 60° magnetic
sector field 1nstrument. The crucibles were resistively heated to temperatures of
approximately 700° C; higher temperatures were obtained by electron bombardment of
the cells. Temperatures were measured with a Pt-Pt-10% Rh thermocouple peened into
the base of the cell. A movable beamdefining slit "shutter", located between the
furnace and ion source regions of the spectrometer, permitted differentiation of
molecular species arising in the reactor from residual background gases in the
instrument. Ions were monitored at 20 and 40 eV and the spectra scanned at
pressures of ~1 x 10 ® torr in the ion source region. Mass spectra were monitored
at selected time intervals with strip chart recorders during the heating cycle
period. Continual oscillographic display of the spectra provided by the time-of-
flight instrument insured that significant changes due to the evolution of trapped
gases would not go unobserved.

Results and Discussion

. o

Ions up to ~400 amu were monitored between room temperature and 1250 C. Neutral
molecular progenitors of these ions have been assigned on the basis of mass-to-charge
ratios, common fragment ions,8,9,10 isotopic abundance, shutter profiles, and appear-

ance potentials.

Over the temperature range investigated, the observed mass spectra suggest
three distinct regions of volatility: (1) room temperature to ~3507C, where only
small amounts of hydrocarbons are evolved, (2) 350—450 C where large -quantities of
organic material are being released and (3) above 450°C for which inorganic species

——
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are -generally the most significant. The mass spectra reproduced in figures 2-4

are typical of these three categories, a background (room temperature) spectrum in
figure 1 may be used for comparison. All four spectra were taken at 20 eV electron
energy and have -some ions that were off-scale with the sensitivity used.

Temperature range 25-350°C
Room temperature spectra obtained with mass spectrometers have characteristic

residual peaks resulting primarily from pump fluids, air leaks, and condensation
of various gases. Figure 1 shows such a spectrum obtained on the magnetic sector
instrument. Nearly all ions attributed to pumping fluids (31, 108, 135, 169, 198-
204) become smaller with heating as can be observed by comparison with figure 2.
The scan at 160°C (figure 2) shows some significant changes in the hydrocarbon

"envelopes' "6,10 yhich correspond to different numbers of carbon atoms in the frag-
ment ions. Since comparison of numerous spectra of organic compounds indicates

that those with different levels of unsaturation or functional groups frequently
give different characteristic ions, the change between figures 1 and 2 is indicative
of a change in the hydrocarbon species present. Monitoring several of these ions
(w/e 78, 92, 106, 111, 159) with the shutter indicated they arose from the sample;
thus at temperatures below 200 C, principal ions of aromatic (m/e 78, benzene; 92,
toluene; 106, xylene) or hetero-aromatic (78, 92, 106 pyridyl; 111, thiophenes)
molecules are released from the shale. At ~200°C an increase of ions characteristic
to those of alkanes, alkene and alkynes suggest that a large variety of hydrocarbons
are beginning to be released from the sample.

Temperature range 350-450°C

Ion intensities for most organic species increased by a factor of 10. A
spectrum taken at 400°c (figure 3) shows the large characteristic hydrocarbon
envelopes observed. In general, there is relatively little evidence for nitrogen
or oxygen containing organics. A number of thiophenes but not mercaptans seem to
be present. In addition to the organics, H2S (m/e 34), COS (m/e 60), and Hy0 also
showed large shutterable increases. These sulfur~containing species eventually
disappeared at lower temperatures and more quickly than did the hydrocarbons. As
the temperature was increased in this range, a distinct trend towards greater
unsaturation was observed at 350°C, alkane common ions were the largest in the
spectra but by 400° C, alkene ions were larger than the alkane fragments.

Temperature range 450-1250°¢C
Most hydrocarbons have been volatilized at these temperatures. A significant

feature between 500-700°C is the gradual increase in the COT ion intensity with a
corresponding decrease in the CO; —ion intensity. These molecules probably result
from thermal decomposition of carbonates present in the shale matrix. At ~550°C,
relative intensities of m/e 15-18 suggest that small amounts of ammonia were being
evolved from the sample; evidence for release of this by-product of oil shale is
generally missing from most of this series of mass spectra. At ~1000°C, Na

(m/e 23) and P2+ (m/e 62) were observed as significant4 highly shutterable ions

in the spectrum; at slightly higher temperatures, Si0; (m/e 60) , Mg+ (m/e 24)

and ALY (n/e 27) were identified as well.

Sample residue of o0il shale heated to 700°¢C retained their original shape but
became black in color; a residue of shale heated to 1250°¢ changed to a dark, glassy
bead.

In general, the results obtained in these studies agree with those found in
previous oil shale technology. The most favorable temperature for hydrocarbon
processing has been found to be 320 C. Greater unsaturation of the hydrocarbons:
with increasing temperature agrees with previous experimental work. The
approximate 1% sulfur has been observed as thiophenes and H;5 but not as mercaptans.
In agreement with the small theoretical yield of nitrogen from Colorado oil shale,
only small amounts of nitrogen-containing Species can be identifled in these
experiments.
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RAPID THERMAL DECOMPOSTTION OF BITUMINOUS COALS
Morris Mentser, Hugh J. O'Donnell and Sabri Ergun

© " Pittsburgh Energy Research Center, Bureau of Mines
U. S. Department of the Interior =~
4800 Forbes Avenue, Pittsburgh, Pennsylvania 15213
- INTRODUCTION -
Pyrolysis studies of coals and chars have been pursued mainly with the objective of
gaining knowledge about the kinetics of-;;eactioq,.groc_esses.involveq in combustion and
gasification. Slow heating 'st.ud‘ies are ,numgrous,_/,-_but they. have little relevance to
the combustion of pulverized fuel where the rate of temperature rise of fuel particles
has been estimated at 10 °C/sec or more.g7 Emphasis has therefore shifted to condi-
tions of rapid heating. . s . ) . o (. )

In this study electrical pulse heating was employed to simulate the temperature transients
experienced by fuel. particles. The method combines the advantage of rapld heating with
that of controlled energy input to the 'sample and a.high probability for thermal equi-
librium between sample and heat source. A constant heating rate of nearly 104 °C/sec

was developed. The pulse heating technique has been used elsewhere.’f"lL for measure-

ment of physical properties of conducting materials at high temperatures. Results are
presented here on the devolatilization of a series of vitrains of different rank.

EXPERIMENTAL -

The procedure involved in these measurements consisted essentially of heating microgram
quantities of coal by pulses of electrical current. . The coal was contained in a cylinder
of metallic screen which served as a resistance-heating element and at the same time
retained the residue.:left after reaction.. The yield of volatile products was determined
from the weight loss of the ccal sample after rapid heating.

Cylindrical screens, fabricated from 4CO-mesh, type 304, stalnless steel wire cloth,
were 6 cm long, 1.2 mm in diameter,. and weighed ‘15 mg on average. When the screens were
initially heated in vacuo, a significant weight loss occurred. Successive firings, how-
ever, produced no further weight changes. To eliminate this potential source of error,
all screens were prefired at 900° C before determining their weights with a micro-
balance.

Coal, having a particle size of 4h-53 pm, was introduced into the cylindrical screens,
and the quantity of coal was determined by reweighing the screens. Typically, the
amount of cocal approximated 250 pg. In same experiments, however, the coal charge was
as small ag 100 ug or as large as 370 pg. A correlation between quantity of coal sample
and weight loss wes sought, but none was found, and this result indicates that all of the
coal samples reached thermal equilibrium with the heat source.

A cylindrical screen, containing coal, was clamped between electrodes, and the assembly

- was inserted into the vacuum system as shown in Figure 1. The pressure was reduced to
10-3 torr, and the system was then isolated from the pump. The screen was heated by an
electrical current which was controlled to provide a constant time rate of increase of
temperature. The circult which controlled the current was designed to allow the

current to increase as a function of time to compensate for the increase in resistance of
the screen and the increase in radiant heat loss. In this mode of heating the increase
in temperature of the screen was proportional to the length of time the current was
applied. : .
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After firing, the screen with its residue from the reaction was removed from the system
and reweighed. The resultant weight loss is a measure of the total volatile yield of
gases and condensable products. The attendant pressure increase in the calibrated
volume of the system is a measure of the gases evolved.

Calibration of screen temperature was accomplished by firing pure metals, comparable
in weight and particle size to the coal samples, and observing the time required for
them to melt. The condition of melting was determined by microscopic examination of
the metal particles after heating. By this method the time to reach the melting point
could not be pinpointed, but a time spread could be established for the extremes of
complete melting end non-melting. The time spreads, indicated in Figure 2 for the
different metals, amount to an uncertainty in temperature of at most + 70 °C. A line
drawn through the mid-points of these time intervals corresponded to a constant
heating rate of 8.25 x 103 °C/sec. .

Proximate and ultimate analyses of the vitrains used in this study are presented in
Table 1. The vitrains represent a wide. range of volatile matter comtent, i.e., from
20.4 to 48.0 percent. The ash content has been kept low by careful selection of
vitrain fram the coal. '

Table 1.--Analyses of vitrains

Pocahontas No. 3 : Pittsburgh Illinois No. 2
1vb -~ “hvAb - hvCb

Proximate anslysis (mf)

Volatile matter T 20.) 35.1 18.0
Fixed carbon . T9.3 63.1 51.1
Ash 0.3 1.8 0.9
ﬁltimate analysis (maf)
| R - S 5.y 5.8
c 90.8 84.0 79.2
0 3.3 8.2 11.2
N 0.7 1.7 1.3
s 0.6 0.7 2.5

RESULTS AND DISCUSSION

Results of the decomposition of bituminous comels in the temperature region 400-1160°C
are presented in Table 2 and graphed in Figure 3. The volatile yield or weight loss

is the cumulative effect of reaction over an intervel of rapidly changing temperature,
and the temperatures designated in the table represent the maximum temperatures attained
by the coal samples. The weight losses are averages of ten or more tests conducted at
each temperature. Standard deviations indicated for the data points are larger than
those generally obtained from physicochemical meadsurements on chemically pure materials.
Lack of high precision was due to a number of factors: inhomogeneities in the coal
itself; non-uniformities in the heating of the screens; and variability in the distri-
bution of coal along the length of the cylinders.

J
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Table 2.--Volatile yields fram the decomposition of vitrains.

Temperature, °C Weight loss, percent
Pocahontas No. 3, Pittsburgh, Illinois No. 2,

1vb hvAb hvCb
4oo -- : 4.9 : - :
500 0.0 7.6 L1
600 2.4 _ 29.h ¢ 12 26.9 + 8.2
700 10.0 + 5.3 47.9 * 3.é . b9.7 % 3.6
810 16.0 * 2.3 a1l 4.k 55.8 £ 1.6
900 . 18.5 * 2.5 3.2+ 4.8 53.0 + 2.9
990 17.2 + 1.b 345 ¢ 3.3 k9.5 + 3.4
1075 17.7 + 2.1 371.1¢ 2.7 45.6 + 2.5
1160 20.8 + 1.9 43.1 ¢ L.0 ¥7.0 * 1.9

The decomposition curves of Figure 3 obtained by heating vitrains at a rate of 8.25 x
103 °C/sec, indicate tbat the release of volatiles is indeed rapid. Decomposition of
hvC and hvg vitrains begins around L0O° C as has been reported for slow heating studies
of coal.2> After the onset of reaction, volatile yields from the low rank cosls
quickly increase to a maximum in the region 700°-800° C. The maximm volatile yields
are larger than the volatile matter of the coals determined by the standard ASTM method
(Table 1), and in this regpect our results are similar to those from other types of
rapid heating studies. -9/" With increase in temperature above 800°, there is a

_ decrease in volatile yield to about the values given by proximate analysis. At 1160° C,
vhich is the highest temperature attainable in this study, there is indication that the
volatile yields from all coals are again trending upward.

The behaviar of low volatile vitrain differs in same respects from that of the lower rank

coals. Its threshold of reaction occurs at an elevated temperature of 600°. Its weight
loss curve, although giving the appearance of a very weak peak at 900°, should most
probably be construed as having reached a plateau in this region because the precision
indices are too large to justify the existence of a real maximm.

‘The appearance of peaks in the weight loss curves from rapid heating is in marked
contrast to the monotonic increase in weight loss that is observed when coal is de--
volatilized at a slow, constant heating rate.l_o/ A suggested explanation for the maxima

in the weight loss curves of the low rank vitrains is that there is a competition between

the bond-breaking reactions, which give rise to the initial decomposition products, and
the recombination reactions, which cause initial products to form molecules more stable

than the parent coal. Recently the idea of camplex depolymerization and repolymerization

reactions has been invoked to explain the ESR spectra of tars produced by the rapid
pyrolysis of ccal.ll ’ :

Gases evolved during decamposition were measured by the pressure increase in the system.
The moles of gas were converted to a weight basis by means of gas compositions reported

in the l:lterature,12 and the amount of liquid or condensables was obtained by difference.

(\
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Gas and liquid yields corresponding to the maximum volatile ylelds fram the coals 1
are shown in Table 3. The gas yleld in terms of ug gas/ug coal remains constant at '
about 12 percent, irrespective of the rank of the coal. At the same time the total

yield of volatiles increased from 16 to 56 percent with decrease in coal rank. It

is quite apparent, therefore, that the increased volatile yields obtained from the

lower rank coals are due entirely to the increased formation of condénsable products.

SUMMARY ’ “

Rapid pyrolysis of vitrains from bituminous cocals was effected by heating them at & rate
of 8.25 x 103 °C/sec, and the extent of devolatilization was measured gravimetrically. 1

Yields of total volatiles from the low rank hvC and hvA coals 4o not increase monotonically
with temperature, but instead reach a maximum irt the temperature region 700°-800° C. The
peak volatile yields exceed the volatile matter contents of the coals that are determined
by the standard ASTM method.

At temperatures above 1100° C there is evidence that the production of volatiles from
all bituminous coals again increases with the temperature.

Low rank coals produce larger volatile ylelds than high rank coals. The increased /
yields are due almost entirely to increases in amounts of condensable reaction products.
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STUDLES OF THE SOLID AND GASEOUS PRODUCTS FROM
LASER PYROLYSIS OF COAL

F. S. Karn, R. A. Friedel, and A. G. Sharkey, Jr.

Pittsburgh Energy Research Center, Bureau of Mines,
U.S. Department of the Interior, Pittsburgh, Pa.

INTRODUCTION

The Bureau of Mines has made an extensive effort to find new techniques to
investigate the structural units in coal for both theoretical and practical pur-
poses. One of the newer research tools is the laser, which can produce high
temperatures accompanied by rapid heating and cooling. Although many of the
products from laser irradiation have already been produced from.coal by other
high—temperature,deviceslf3ﬂ the laser excels in the production of certain

. pyrolysis products.

EXPERIMENTAL

Two lasers have been used in this study. A pulsed ruby laser with a
focused bea? gave an energy concentration of 55,000 watts cm “ at a wavelength
of 6943 A% A continuous CO,. laser with a focused beam gave an energy output
of 140 watts cm~2 at a wavelength of 106,000.A.ﬁ/

The . general. irradiation procedure was to seal the coal sample in a glass
vessel into which the laser beam can be fired. Coal samples, usually 8-mm cubes,
were heated under vacuum to 100° C for 20 hours before sealing. Samples for the
ruby laser were sealed in a pyrex tube under vacuum or under an inert gas at
pressures up to 1 atmosphere. Pyrolysis occurred rapidly and both gaseous prod-
ucts and entraine? solids escaped from the hot surface at a rate estimated at
11,000 cm sec”l & Samples pyrolyzed by the CO, laser were irradiated in a tube
with a sodium chloride window. Pyrolysis of these samples was a continuous pro-
cess which could be observed for several minutes, at the end of which the coal
sample was usually exhausted. The escape of the gaseous and solid products from
the reaction zone of the CO, laser was relatively slow, only 28 cm sec™'. Gases
were collected in an evacuated bulb for analysis by mass spectrometry. An effort
was made to accelerate the solid product out of the pyrolysis zone. Rapid remov-
al of the solid was attempted by increasing the gas evacuation rate, flushing
with inert gas, an electric discharge, and use of a refrigerated collection bulb.

RESULTS

Ruby Laser C K

Coal-pyrolysis products using the ruby laser were 53 percent solid and 47 per-
cent gas. No significant amounts of liquid were recovered, comsistent with prev-
ious high-energy.investigations.§/ _Gas composition data are summarized in table 1,
where ruby-laser data are compared with gases from high-temperature coal carboniza-
tion, low-temperature carbonization, and pyrolysis with the C0y laser.

The ruby laser produced an increase in acetylene and a.decrease in methane
and other hydrocarbons relative to gases from pyrolysis at lower temperatures.

Direct observation of pyrolysis with the ruby laser was impossible due to
high light intensity and high rate of discharge. Photographic .studies were
reported previously;8/ at 26,000 frames per second the movement of products out

H
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of the reaction zone was observed. Gaseous products cooled quickly and were .
stable during their introduction into the ionizing chamber of the mass spectrom-
eter. Solids, deposited on the tube walls, were easily removed. The unreacted
portion of the sample was weighed for material balance calculations. The solid
product was analyzed by infrared.. An ultimate analysis of this solid was
similar to the original coal (table 2). ’

The infrared spectrum indicated that most of the bands characteristic of
the parent coal are missing.& The high-resolution mass spectrum of the solid
is similar to that of coal. It is probably not significant because some of the
original coal was entrained in the rapidly expanding gas stream and mixed with
the solid product. This is indicated by high ash in table 2.

Carbon Dioxide Laser

Coal-pyrolysis products using the COp laser were 29 percent gas and 71 per-
cent solid. The only liquids observed were traces of pentane and hexane in the
vapor phase. Typical gaseous products are summarized in column 3 of ‘table 1.
These gases seem to represent a transition between industrial coal carbonization
and the rapid pyrolysis available with the ruby laser. The C0j- laser produces a
series of hydrocarbons, but not acetylene, which apparently requires higher - 4
temperatures than available.

Hot gases from the Coz-lase7 irradiation were passed through a bed of
powdered Raney nickel catalyst.l The catalyst was not heated directly but k
only indirectly, by incoming gases and by heats of reaction of the gases. The '
usual complex mixture of gases was converted into a simple mixture consisting
of 91 percent methane, ethane, and propane (table 3). The low yields of hydro-
gén and carbon oxides indicate a gas synthesis reaction as well as hydrogenation
occurred. The fuel value of the gas was increased from 698 Btu/ft3 to 1325
Btu/ft3 by the catalytic treatment. . ) o /

Solid Product from CO, Laser

The solid product from the COp-laser pyrolysis evolved as a fine brown
powder which was suspended in the reaction tube and slowly deposited on the tube
walls. Exposure to the reflected radiation of the laser beam caused melting and
condensation reactions which resulted in a tarry mass. Secondary heating could
be prevented by intermittent laser operation or by removing the powder in a
stream of inert gas.

The solid was removed from the walls of the collection vessel in the form
of a powder which softened between 108° and 112° C and volatilized at 250° to j
300° C. The apparent density of the freshly prepared solid was 0,033 g cm=3,

only 2 percent of the density of the coal (table 4). 1In a closed tube. the

material remained stable for several months. )

This solid was separated into three fractions by ‘extracting with benzene at
80° C, evaporating the solvent, then extracting with hexane.8/ The distribution
was benzene-insoluble (36 percent), asphaltene or benzene-soluble and hexane-
insoluble (26.7 percent), and hexane-soluble (37.3 percent). The average molec-
ular weight of the benzene-soluble material is 396 by the osmotic method. In
contrast with the 64 percent solubility of the laser solids Pittsburgh seam coal .
is less than 1 percent soluble in benzene at 80° C. /

Since the solubility of coal is increased by reduction,gl the laser solids
:ege dehydr9genated to determine if their solubility could be attributed to
ydrodromatics. The sample was prepared by refluxing the laser solid in phen-

1




anthridine with a catalyst of palladiuh;on“éalcium carbonate. 1o/ Thirty percent
of the total hydrogen was removed decreasing the hydrogen to carbon ratio as
follows:

5

H:C, atomic ratio

Pittsburgh seam coal DR : ' S 0.81

Laser solids " 0.90

Dehydrogenated laser solids Y : " 0.63

H_gh Resolution Mass Spectromeg_x

The mass spectrum of the laser solids was obtained using a Consolidated
Electrodynamics Corp. model 21-110B high-resolution mass spectrometer at a
source temperatire of 300° C.- The lasér solids are identified as sample 1 in
table 5. This spectrum was compared with-the spectrum of sample 2, which repre-
sents a similar laser product separated by gel permeation chromatography into
52 fractions.ll/ The fractions were analyzed by the mass spectrometer and their
- ,qualitative analyses combined. Spectra for samples 3 and 4 represent the solid
products obtained. from Pittsburgh seam coal by other ‘processes. Sample :
the composite of distillates from a high-temperature coal carbonizatlon—— and

sample 4 is a pyridine extr7ct of Pittsburgh coal obtained by mechanical agita-
tion at room temperature.

-An inspection of table 5 shows that pyrolysis of coal using a CQOp laser
produces a complex product which includes naphthalenes, phenanthrenes, and pyrenes.
Many of the methyl substituted homologs are present. The maximum molecular
weight of sample 1 (laser solids volatilized into the mass spectrometer) was
440. Since this maximum molecular weight is only slightly higher than the
‘value of 396 found for the average molecular weight by the osmotic method, it
indicates that the sample residue (20 percent remained in the sample holder)
contains higher molecular weight compounds. Sample 2 has a lower range of

molecular weights because only the toluene-soluble portion of the laser sample
was introduced.

- SUMMARY

Products from the laser pyrolysils of coal are predominantly gases and solids.
There is little evidence of tar and pitch which are characteristic of coal car- ‘
bonization. Gases-from the COj laser have high fuel value following catalytic
treatment. Solid products are a complex mixture having low-ash, low-density,
and high-hydrogen content. Efforts were made to analyze these solids using sol-
vation, dehydrogenation, gel permeation chromatography, and mass spectrometry.
Coal pyrolysis using laser irradiation provides a variety of organic compounds.

1. High-energy laser irradiation, available from a pulsed ruby or other
solid laser, produces simple gas mixtures which are high in hydrogen, acetylene,
and carbon monoxide.

2. A moderate energy irradiation from a 10-watt CO, laser produces a more
complex mixture of gases with little or no acetylene. The solid product has low
density, is highly soluble in benzene, and has an ultimate analy51s similar to
that of an ash-free coal.
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Table 1,- Gas composition of pyrolysis products, mole percent

) . High- Low-
Pyrolysis temperature . temperature
me thod: Ruby laser CO, laser carbonization carbonization
Estimated - )
temperature ,°ca/ 1200 - 1000 900 500

Hp 52 47 ’ - 56 ' 17

co 22 9 : 7 3

€0, ) 9 2 0 5

CHy, : 5 - 21 - 31 73

C2H2 11 ’ 0

Other HC 0 20 5 2

a/ Reference 4.
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Table 2.- Elemental analyses of Pi;tsbd;gh seam coal and of-
pyrolysis solids

Solid product

Weight percent _Pittsburgh seam coal Ruby laser COy _laser
¢ : 78.3 79.0 83.0

H ' ' 5.3 4.6 - 6.2 -
0,N,S 11.6 8.6 9.9
Ash 4.8 X 0.9
Atomic ratio, C/H 1.23 _ 1.43 1.11
c/o 12.3 12.2 16.2

Table 3.- Irradiation of Pittsburgh seam coal with COp_laser.
Gases exposed to Raney nickel

Direct pyrolysis Gases over Raney nickel

P
HZ,'mole percent 51 - 3»
co 10 . ' 2
CH,, . 23 V 60
CoHg ‘ 3 ' 23
C3Hg o 1 8
0oy 2 , ' 0

Other hydrocarbons : - 10 4

Table 4.- Data for solid from CO,-laser irradiation of coal

Apparent density _ 0.033 g em™3
Softening point . - » 108° - 112° ¢
Volatilization temperature - 250° - 300° ¢C
Solubility in.ﬁenzene ' 64 percent

Molecular weight, benzene-soluble fraction 396



Table 5.- Coal degradation products examined by mass spectrometry
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Sample:

Example of possible
compound

Indene

Indan

C3 alkyl benzene
Cy alkyl phenol

Naphthalene

Methylnaphthalene

Acenaphthylene
Acenaphthene

Cy alkyl naphthalene

Fluorene

Dibenzofuran

Anthracene

Methylphenanthrene

Phenanthrol

Pyrene

af

122

132

134

136

144
146
148

156
160

170

178
180
182

‘184

186

192

194
196
198

202

2b/

116
118
120
122

128
130
132
134
136
138
140

142

146

156

160

178
180

186

192

198

3¢/

116

118

120
122

128
130
132
134
136
138

142
144
146
152
154

156
160

166

168
170

178
180
182
184

192

- 194

196
198

202

43/

128
130
132
134
136
138

152

154

168

‘178

\‘;, T N—

-—

e ;l___ JrEa———. ™~
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Table 5.- Coal degradation groddcts examined by mass spectrometry

Sample:

Example of possible
compound

Dimethylanthracene

13/

206

$ 208

210
212

216
218

220
222

- 224

Benzo[ghi]fluoranthene

Chrysene

1226

228
230
232
234
236
238
244

246

Perylene

* Sample has additlonal mass peaks up ‘to 440.

al/ Solids from CO, laser.

b/ ‘Solids from 002 laser, dissolved in toluene and separated by

gel permeation chromatography.
¢/ Composite data from high- temperature coal carbonization, reference 12.
g/ Room-temperature pyridine extract, reference 13.

248
250

252

(cont'd)

~2b/

206

"210
212

216
218
220

228
230

1234

244

248

3¢/

206
208

210
212
216
218"
220
222
224

226

228
230
232
234
236
238

246
248
250

252

ud/

226

228
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IGNITION AND INCENDIVITY OF SINGLE MICRON SIZE
MAGNESIUM PARTICLES IRRADIATED BY A LASER BEAM

Israel Liebman, John Corry and Henry E. Perlee

Theoretical Support, Safety Research Center, Bureau of Mines
U. S. Depertment of the Interior, Pittsburgh, Pennsylvania

INTRODUCTION

This paper describes an experimental study of the ignition and incendivity
characteristics of magnesium particles heated by intense radiation. - While many
investigations have been concerned with determining ignition temperatures of metal
particles, much of their work has been with the ignition of single particles by
hot gases.(1,2,3)* In dust or hybrid flames, however, a large portion of the
particle ignition energy is supplied through radiation. Indeed, in a study of
dust flemes of aluminum and graphite, (h) the contribution of radiation was esti-:
mated to be 30 to 60 percent of the total ignition energy. The 1gn1tion of com-
bustible gases by flying abrasion sparks and the incendivity of heated passive
pellets shot into explosive gases have been examined by many investigators(5,6,7);
however, the relative motion between particles and enviromment complicates the
analysis and interpretation. In the present study, single micron size magnesium
particles were radiatively heated while suspended in quiescent cold environments
of oxygen, air, He-oxygen, and methane-air mixtures, and the ignition and incen-
dive mechanisms of the particles were examined.

EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 1 shows a schematic of the experimental appsratus. The laser used a
l.3«cm-diameter neodymium-doped glass rod and had a pulse duration of about 0.9
millisecond. The laser beam was collimated by a simple 17-cm-focal-length convex
lens positioned 9.5 em from the magnesium particle suspended in the center of the
levitation device. Devices of this nature have been used by other investigators.(8)
The levitator consisted of four 0O.3-cm-diameter by 8-cm-long vertically mounted
metal rods which formed a l.i-cm square. The rod ends vere supported by two teflon
insulating dieks; alternate rods were connected together and to a 200- to 1500-volt
AC supply. Two metal circular plates attached to the inner face of the top and
bottom teflon disks and insulated .from the rods were -comnnected to a DC source of
100 to 1000 volts. 1In practice several milligrams of the magnesium dust placed in
a centrally located cavity in the bottom metal disk were dispersed in the apparatus
by charging with a high-voltage pulse. A few of the scattered particles were cap-
tured in the levitation apparatus and retained along the central vertical axis of
the device by the rotating electric field.

All particles but one were readily eliminated by varying the AC and DC
potentials; the single remaining particle was then positioned in line with the
laser beem and its size determined by use of a microscope. The levitator was
contained in a transparent glass chamber 6 x 6 x 10 cm having two vents for use
with flammable mixtures. In the experiments, single spherical magnesium particles
{99 percent pure) ranging in size from 28- to 120-microns dismeter were suspended
and irradiated in the glass chamber after filling with dry gas mixtures of air,
helium-20 percent oxygen, pure oxygen, pure argon and stoichiometric methane-air.
Streak and high-speed framing cemeras were used to photograph the particles during
irradiation. 1In order to determine when particle ignition occurred, a sample of
the laser beam was picked up by the photodiode {fig. 1) and amplified to energize

* Underlined numbers in parentheses refer to references at the end of the paper.
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Fig. 1. - Apparatus -for laser ignition of single magnesium particles.
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& neon bulb whose focused image on the camera film correlated with the laser pulse.
The laser pulse duration was measured by connecting the photodiode output to an
oscilloscope. Due to the characteristic energy inhomogeneity in the laser beam
cross-section, the magnesium particle was reproducibly positioned in a small,
relatively uniform section of the laser beam and & l-mm-diameter aperture in front
of the laser energy monitor limited the measured energy to this uniform section.
The monitor was a radiometer based on the celorimetric principle and measured total
pulse energy passing through the apparatus. The collimating lens position was
fixed and laser beam energy was varied by changing the charge voltage on the laser
flash tube capacitor bank. Since the magnesium particle blocked & small portion of
the laser beam, the laser energy was monitored between tests in the absence of a
particle. The calculated laser power densities irradiating the particle were a
function of the measured laser energy passing through. the aperture, the aperture
cross-section projected back to the particle site, and the pulse duration.

Schlieren photographs were taken during the irradiation of single magnesium
particles (60- and 120-micron diameter) suspended in.air, pure argon and stoichio-
metric methane-air mixtures. In the experimental arrangement shown in figure 2,
a ruby laser having an approximate 0.9 millisecond length pulse was convenient to .
use for the rediation heating source. It was also advantageous to use the il-
lustrated glass light guide to reflect a portion of the lsser light on the film
for time correlation of the irradiated particle with the laser pulse. /

RESULTS AND DISCUSSIONS

Particlgg;gg;tion

~ In previous hot-gas ignition experiments of single magnesium particle in air,
it was established that gas temperatures.of 6400 to TLOOC are necessary for ignition
of particles ranging in diameter from 120 to 20 microns, respectively(3); the ob-
served gas temperature increase with decreasing particle size was attributed to the
increased heat loss per particle surface area with decreasing particle diameter
during the ignition process. In our experiments, the particle was initially.
surrounded by a cold gas; therefore, higher particle temperatures were necessary
for ignition to compensate for the increased heat losses to the cold ambient at-
mosphere. In addition, maximum temperatures attained by & particle during ir-
radiation by a short pulse depend on the particle heat capacity, thus requiring
that the ignition energy supplied by the-laser increase with particle size.

Figure 3 is a streak photograph of a laser-ignited, Si-micron-diameter mag-
nesium particle burning in air. Particle spiraling during combustion, shown in
this photograph, was fregquently observed and is ascribed to preferential burning
of the particle. In many cases the particle was seen to fragmentize following
ignition. Burning lifetimes of the particles were usually much shorter than
.reported in the previous hot-gas ignition studies,

Figure 4 is a plot of .our experimental data showing the laser beam power
density required to ignite single magnesium particles suspended in various at-
mospheres. At these critical powers, ignition always occurred near the end of
the laser pulse. As leser power was increased above the critical value, ignition
delay time could be shortened apprecisbly. As expected, the radiant power for
ignition increases with particle size and with increased thermal conductivity of .
the ambient geses (thermal conductivity of helium is approximately 5 times that
of air). The similar critical radiant powers required for particle ignition for
air and pure oxygen agree qualitatively with results of the hot-gas ignition
experiments (1) in which ignition temperature was found to be approximately equal
for magnesium particles in air and pure oxygen; these findings suggest that oxygen
diffusion is not a controlling factor in the ignition mechanism. ) r
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In additional experiments, single particles (60- and 8h-micron diameter) sus-
pended in pure argon and illuminated by a long-duration photoflash light were ir-
radiated by laser powers equal to that previously required for ignition in air.
The photoflash light revealed the rapid growth of a cloud surrounding the particle
(presumably, condensed metal vapors) near the termination of the laser pulse. The
particle was usually still discernable within the eloud.

A sequence of schlieren photographs of a 60-micron-diameter particle irra-
diated in pure argon is shown in figure 5; the laser power density was again Jjust
sufficient to ignite a similar size particle in air. The expanding schlieren
image is considered to be mainly due to the expelled hot metal vapor, and is first
visible near the mid-point of the laser pulse. A graph of the schlieren growth
rate for an irradiated particle suspended in argon and in air is shown in figure 6.
The increased growth of the schlieren taken in air is indicative of the magnesium-
air reaction process.

In previous investigations of magnesium particle ignition by hot gas, the
maximum required gas temperature was TLOOC and in the ignition of magnesium ribbon
by resistance heating,(9) metal temperatures were estimated to be in the vicinity
of the metal melting point (621°C) during the onset of ignition. Our experiments
suggest that ignition of a magnesium particle by a 0.9 msec intense radiation .
pulse occurs in the vapor phase. During the radiation pulse the particle's sur-
face rises to the boiling point, the particle vaporizes, and ignition follows.

For critical radiant powers, vaporization begins near the mid-point of the laser
pulse and ignition occurs in the proximity of the pulse end.

Table I shows the average burning lifetimes of magnesium particles ignited by
critical laser energies as compared to hot-gas ignition experiments. The shorter
lifetimes for the laser-induced ignitions are ascribed to particle vaporization
prior to ignition and disintegration of the particle during combustion.

TABLE I

Average burning lifetime of laser-ignited magnesium
particles in air compared with hot-gas ignition

Diameter, Lifetime, msec
microns Laser ignited Hot gas ignited
120 5.0 16.8
8k 2.4 6.2 (80 micron)
60 .9 1.8 (50 micron)
28 1

For the relatively low laser radiant power densities used in our experiments
and large thermal diffusivity of the particle, the particle has a relatively small
temperature gradient. A rough approximation of this gradient can be obtained from
the relationship£ |, = AdT/d.r, where & is the surface coefficient of absorptivity
(assumed to have a value of 0.3), E, is the laser beam power density, Ais the
metal thermal conductivity having an average value of 1 Joule/cm sec oC, T is the
temperature, and r is the particle radius. From this relationship the temperature
difference between the particle surface and center would be of the order of 9 to
180°C for the 28 to 120 micron particle respectively using the data of figure 4
for the air enviromment. For a radiantly heated magnesium particle suspended in
an inert atmosphere, the time for the particle surface to begin boiling and the
quantity of metal vaporized during the pulse can be readily calculated if the
following assumptions are made.
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Fig. 5. - Schlieren records of & laser irradiated 60 micron particle

in pure argon, 0.13 msec between frames.
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(1) The radiant flux absorbed by the particle is equally distributed over the
entire particle surface. The particle surface coefficient of absorptivity (é) is
glven an average value of 0.3 -- the thickness of oxide coating on the particle is
less than several hundred Angstroms and has little effect on € or the heat
conduction.

(2) The temperature distribution within the particle ia uniform.

(3) Radiative heat losses and heat transfer to the surrounding gases can be
neglected. ‘

Using these assumptions, the energy balance equation for the particle can then
be written: .

-f E, e ty = .§7r3,o Co AT +HM] N _ C (1)

where E; is the radiant power density in joules/cmzsec, r is the particle radius

- in cm, ty is the time in seconds for the garticle to reach the boiling point, .
the average particle density = 1.7 gms/cm the average particle specific
heat = 1.3 joules/em oC, AT the temperature ifference from ambient to the metal's
boiling point (11000C), and Hy is the heat of fusion of the metal (380 joules/gm).
The reduction in particle size due to evaporation can be expressed by:

Eo o r2 = Ly e hq-‘—-ra % (2)

where Ly is the heat of vaporization (5500 joules/gm) and t is the time remaining
in the laser pulse after the particle surface reaches the boiling point.

Using these equations, table II shows the calculated times for particles to
reach the boiling point and the final particle size for critical laser powers ob-
tained from figure 4 for air environments.

TABLE II

Boiling times and final particle size for
- laser ‘irradiation-at critical power densities

Particle
diameter, Time to bolling - Final particle
microns point, msec diameter, microns
28 0.52 ' 26
60 .62 56
8k .65 ° "~ 80
120 - 0 "116

The calculated times to reach the boiling point for the small particles (table II)
are approximately 20 percent larger than our experimental results; the increased
calculated values for the larger particles are probably due to our assumption of a
uniform temperature within the particle. The small reduction in particle size due
to vaporization prior to ignition accounts only partially for the short burning
lifetimes noted in our experiments. In addition, the possible absorption of laser
energy by the vaporized metal would be effective in reducing the particle absorp-
tivity and thereby lessen the vaporization rate. Results of this analysis suggest
that particle disintegration is the most signiflcant factor in. decreasing the
burning lifetimes.

3
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Incendivity

Figure 7 shows a plot of the critical radiant power density required for the
incendive ignition of stoichiometric methane-air mixtures by irradiatively heated
single magnesium particles. For comparison purposes, the curve of particle ig-
nition in air from figure 4 is also included. It is significant to note that the
120-micron-diameter particle requires less radiant power for incendive ignition
than for particle ignition in air, whereas critical radiant power for the 8li- and
60-micron particles appear to be similar to the values obtained in air, and the
smaller 50- and 28-micron particles need greater radiant power for incendivity
than for particle ignition. This latter observation indicates that the smaller
particles can be burned in a flammable environment without igniting the environment.

Table III lists the energy released during combustion of magnesium particles
and the computed radiant energy absorbed by the particles during the laser pulse
using equations 1 and 2 and the critical radiant powers for incendivity shown in
figure 7. Information for a 20-micron-diameter particle, which did not ignite
the methane-air mixture when irradiated with radiant power densities as high as
270 watts/cm@, is also listed in this table for comparison purposes.

TABLE III

Energy released during combustion and radiant energy
absorbed by magnesium particles during irradiation

Particle
diameter, Energy of combustion, Energy absorption,
microns millijoules . millijoules
120 36.7 2.7
8 12.6 1.3
60 k.6 .5
50 ) 2.7 .
28 5 .1
20 .16 _ .05

All the particles listed in table III except for the 28 and 20 micron, have
greater absorbed energies than the reported (0.25 mJ) minimum spark ignition
energy for stoichiometric methane-air mixtures. However, gas ignition by
relatively slowly heated hot bodies should require considerably more energy than
by short duration sparks. Nevertheless, since the 120-micron particle requires
much less radiant flux for incendive ignition than for particle ignition in air,
then this particle apparently ignites the methane-air mixture by hot-body
mechanisms. Therefore, neglecting any magnesium-0, reaction, the minimum ig-
"nition energy of the gas mixture by small hot partfcles (1100°C) should be of

the order of 3 mJ. The esmaller particles apparently ignite first then in turn
ignite the gas mixture since the energy required for incendive ignition is as
great or greater than that required for particle ignition. The drop in the
radiant power density required for incendivity ignition for the 60-micron particle
shown in figure 7 is evidently due to an interaction of particle ignition and
methane-air ignition processes. The 50- and 28-micron particles require energies
in excess of particle ignition in order to shorten their burning lifetimes and
thereby enhance the incendive process. The combustion and absorbed energy-cal-
culated for the 20-micron particle is seen to be less than the spark ignition
requirements, therefore nonignitability by this particle size is not surprising.
Ree(7) estimated the minimum mass of rapidly moving and burning magnesium particles
capable of igniting a methane-air mixture to be 1.0 microgram which corresponds to
a8 105-micron-diameter sphere. This value is almost fourfold greater than the
minimum particle size used in our experiments and illustrates the probable effect’

1
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. of particle motion and burning lifetime on incendive efficiency. The effect of
particle size and motion on hot-body ignition is demonstrated in work by Silver(S)
and Paterson(6) who ignited gas mixtures with heated platinum and quartz spheres;
their results showed that ignition temperature of the spheres increased with de-
creasing sphere diaweter and increasing sphere velocity through the fuel mixture.

Figure 8 shows @& sequence of schlieren photographs obtained during the ir-
radiation of a 60-micron-diameter magnesium particle suspended in & stoichiometric
methane-air mixture. Figure 9 is a plot of the growth of the schlieren image
during the irradiation of a single 60-micron and a 120-micron-diameter particle
using- the radiant power density (critical) necessary for incendive ignition of
stoichiometric methane-air mixtures. Figure 10 is a similar plot for a 120-micron
particle irradiated by critical and twice-critical rgdianﬁ pover densities. The
results of these studies suggest that the incendive mechanism can be described as
a three-stage process; the first stage being an extremely rapid growth of a
spherical envelope surrounding the particle resulting from the éxpanding hot metal
vapors and magnesium-nethane-air reaction; the second stage is characterized by a
‘much slower growth rate and is considered to result from the continued pre-
‘ignition process “of the methane-air reaction; the third stage “is the methane-
air combustion front and corresponds to an expanding front traveling at & constant
velocity. The rate of growth of all stages is observed to depend on laser energy
.and particle size. Stoichiometric methane-air flame speeds should be about
270 cm/sec. This corresponds approximately to the value obtained for the 120-
micron particle -irradiated by twice critical power shown in figure 10. Hot-wire
ignition experiments of methsne-air systems by, Ashman(lO) shoved a similar
pattern, a decreased flame speed with a decrease in wire temperature. His
results also indicated that an exothermic reaction occurred in the methane-air
pre-ignition period. The distance traveled by the wave to the beginning of the
methane-air combustion front varies from about 3 to 5 mm, this is about one-half
the distance of corresponding zones as measure@ by Ashman.

¢
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Fig. 8. - Schlieren record of laser irradiated 60 micron particle

in stoichiometric methane-air mixture, 0.27 msec between frames.
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